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Degree  of  Doctor  of  Philosophy 

A STUDY  OF  SECOND-ORDER,  {lOlli  - {1012} 

TWINNING  IN  MAGNESIUM 

by 

William  Handy  Hartt,  III 
August,  1966 

Chairman:  Dr.  R.E.  Reed-Hill 

Major  Department:  Metallurgical  and  Materials  Engineering 

Single  crystals  of  high  purity  magensium,  oriented 
with  the  basal  plane  parallel  to  the  stress  axis,  were 
deformed  in  tension  at  room  temperature  and  at  a strain 
rate  of  0.002  inches/inch/min . in  order  "to  form  second- 
order,  { 10Tl}  - {I0l2j  twins.  The  structure  and  properties 
of  these  twins  were  then  investigated  using  optical  and 
replica  electron  microscopy  techniques.  It  was  concluded 
that  three  basic  features  of  these  twins  are  of  major  im- 
portance. The  first  of  these  concerns  the  fact  that  {lOllj 
- {10l2j  twins  are  inclined  approximately  56°  to  the  matrix 
basal  plane,  while  the  orientation  of  a coherent,  {1011} 
twin  boundary  is  at  61°54*.  This  indicates  that  a habit 
shift  occurs  at  some  point  of  the  second-order  twinning 
operation.  Crocker  (Phil.  Mag.,  Z (1962)  901) 
has  developed  a theory  for  double  twinning  in  an  attempt 
to  explain  this  habit  shift  phenomenon.  However,  it  is 
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concluded  from  the  present  research  that  this  theory  is 
not  applicable  to  {1011}  - {101 23  twinning  in  magnesium. 
Instead,  five  basic  conditions  are  established  which  any 
mechanism  that  is  to  successfully  explain  the  second-order 
twin  boundary  rotation  must  satisfy,  and  several  models 
are  considered  in  conjunction  with  these.  In  each  case  it 
is  assumed  that  the  habit  shift  results  from  the  necessity 
to  accommodate  the  second-order  twinning  shear  in  the  mat- 
rix. It  is  concluded  that  the  shift  results  from  duplex 
slip  in  the  parent  lattice  adjacent  to  the  twins,  and  a 
model  is  constructed  which  involves  slip  on  (lOTl)  and 
(Toil)  planes  in  <1123)  type  directions,  in  good  agreement 
with  the  experimental  observations.  The  second  signifi- 
cant feature  of  these  twins  concerns  the  extensive  internal 
deformation  which  may  occur  after  the  twins  form.  Experi- 
mental observations  indicate  that  after  this  deformation 
the  basal  plane  within  the  second-order  twin  is  oriented 
nearly  parallel  to  the  twin  boundary.  A non-basal  kinking 
mechanism  is  postulated  that  also  involves  {lOllj  <1123) 
slip.  This  rotates  the  basal  plane  from  its  predicted 
orientation,  18.5°  from  the  boundary,  to  its  observed 
position.  Once  this  occurs,  large  strains  may  result  by 
simple  slip  on  this  plane.  Additional  deformation  markings 
are  observed  which  eannot  be  described  in  terms  of  slip  on 
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previously  observed  systems.  These  are  best  explained  by 
relating  the  present  deformation  to  grain  boundary  shear 
and  assuming  that  similar  mechanisms  are  operative  in 
each  case.  Also,  two  processes  have  been  observed  where- 
by the  matrix  lattice  adjacent  to  these  twins  may  deform. 
The  first  of  these  occurs  by  shear  accommodation  kinking. 
These  kinks  are  most  satisfactorily  described  by  a single 
type  of  noil]  dislocation  in  (1C12)  planes.  The  second 
mechanism  involves  the  internal  deformation  of  these  kinks 
subsequent  to  their  formation.  Evidence  is  presented  that 
secondary  [1011]  - (1012]  twinning  and  <1011)  [1123]  slip 
may  be  responsible.  The  third  feature  of  importance  con-' 
cerns  the  fracture  which  occurs  at  these  twins.  This  is 
attributed  to  large  shear  strains  which  develop  in  these 
regions.  Evidence  is  presented  that  small  voids  open  up 
along  the  twin  boundary  during  deformation.  These  grow 
into  microcracks  snder  the  influence  of  the  applied  stress, 
and  fracture  ultimately  follows  as  the  interconnecting 
regions  tear  apart. 
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INTRODUCTION 


Magnesium  has  certain  properties  that  justify  its 
application  as  a structural  material.  Foremost  of  these 
is  its  high  strength-to-weight  ratio;  that  is,  it  is  strong, 
yet  light,  But  while  this  may  make  magnesium  favorable 
for  structural  application,  there  are  other  properties 
which  may  sharply  limit  its  usefulness.  Most  notable  of 
these  is  its  almost  complete  lack  of  ductility  at  room 
temperature  and  below.  The  texture  of  polycrystalline 
magnesium  which  results  from  most  working  operations  tends 
to  align  the  basal  plane  with  the  axis  of  working.  This 
applies  not  only  to  wrought  but  also  to  recrystallized 
textures.  As  a consequence,  polycrystalline  magnesium  has 
a ductility  to  fracture  at  room  temperature  of  about  4 per 

Jr 

cent  (1).  In  the  same  manner,  single  crystal  material  of 
similar  orientation  (with  the  basal  plane  parallel  to  the 
stress  axis)  has  a ductility  to  fracture  of  less  than  1 
per  cent  at  room  temperature  (2).  However,  magnesium  should 
not  be  classified  as  a brittle  material  since,  under  suit- 
able conditions,  it  has  plastic  properties  comparable  with 
the  most  ductile  of  materials.  As  evidence  of  this,  Hirsch 
and  Lally  (3)  recently  performed  tensile  tests  on  magnesium 
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single  crystals  where  the  basal  plane  was  near  the  ideal 
slip  orientation  and  observed  shear  strains  up  to  250  per 
cent  in  the  easy  glide  region  alone.  It  can  only  be  con- 
cluded from  this  that,  with  regard  to  its  plastic  proper- 
ties, magnesium  is  a very  anisotropic  material. 

Slip  in  Magnesium 

Numerous  investigators  have  analyzed  the  slip  pro- 
perties of  magnesium,  both  in  single  and  polycrystalline 
form.  Here,  as  in  some  other  close  -packed  hexagonal 
metals,  glide  on  the  basal  plane  in  the  close-packed 
direction,  (0002)  <ll5o>  , is  the  predominant  mode.  How- 
ever, for  polycrystalline  or  single  crystalline  material 
with  the  basal  plane  parallel  to  the  stress  axis,  slip  on 

i 

this  system  is  suppressed.  For  single  crystals  of  this 
orientation  numerous  investigators  (4, 5, 6, 7)  have  observed 
pyramidal  {lOlli  <1120)  slip  above  room  temperature.  On 
the  other  hand,  slip  of  the  prismatic  {10T0l<ll50>  type  is 
the  prominant  non-basal  mode  below  room  temperature  (2,8). 
In  addition,  Reed-Hill  and  Robertson  (7)  have  observed 
pyramidal  {1122]  slip  on  specimens  tested  at  -190°C. 
Although  they  were  unable  to  unambiguously  determine  the 
slip  direction,  they  did  obtain  evidence  for  <10T0)  . 
Yoshinaga  and  Horiuchi  (9)  compressed  magnesium  single 
crystals  normal  to  the  basal  plane  and  concluded  that 
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(1122 i slip  does  not  occur.  However,  judging  from  their 
photomicrographs,  it  is  doubtful  if  the  quality  of  their 
specimen  surfaces  was  good  enough  to  reveal  fine  slip 
traces . 

Slip  in  Other  Close-Packed  Hexagonal  Metals 

The  slip  modes  observed  in  magnesium  are  character- 
istic of  most  close-packed  hexagonal  metal  systems.  How- 
ever, the  temperature  dependence  of  non-basal  slip  in 
other  metals  is  normally  not  as  pronounced  as  in  magnesium. 
Consequently,  these  modes  are  more  significant  and  operate 
to  increase  the  low  temperature  ductility  of  these  metals 
relative  to  magnesium. 

Slip  on  |ll22j  planes  in  a <'11?3>  direction  has  often 
been  observed  in  the  room  temperature  deformation  of  hep 
metals  such  as  zinc  and  cadmium.  Gilman  (10,11)  and 
Rosenbaum  (12)  have  observed  slip  of  this  type  in  single 
crystals  of  zinc.  In  other  experiments  with  zinc,  Bell 
and  Cahn  (13)  concluded  that  interaction  of  this  pyramidal 
mode  with  basal  slip  is  responsible  for  the  nucleation  of 
Il0l2}  twins.  Price  (14,15,16)  has  observed  that  {1122} 
<1123>  slip  is  significant  in  the  deformation  and 
work-hardening  behavior  of  vapor  deposited  platelets  of 
zinc  and  cadmium.  Also,  Baldwin  and  Reed-Hill(l7,18) 
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have  observed  slip  on  Jll52]  planes  in  polycrystalline 
specimens  of  zirconium  and  hafnium  tested  in  torsion  at 

77°K.  Price  (14)  observed  that  -g<ll53)  dislocations 

\ 

in  the  screw  orientation  may  cross  glide  between 
(ll!?2]  and  llOTli  planes.  This  is  possible  since  planes 
of  this  type  share  a common  (1123)  direction.  The  geo- 
metry of  (1123) (lorij  slip  is  illustrated  in  Figure  1. 

This  figure  shows  that  each  (101 ll  plane  contains  two 
(1123)  slip  directions. 

Kinking  in  HCP  Metals 

Kink  bands  in  general  were  first  observed  in  metals 
by  Orowan  (19)  during  compression  tests  on  cadmium  single 
crystals.  However,  their  properties  were  classified  as 
early  as  1898  by  Mugge  (20)  for  the  case  of  numerous  non- 
metallic  crystals.  As  a result  of  compression  experiments 
on  zinc  single  crystals,  Hess  and  Barrett  (21)  were  able 

to  describe  kink  bands  in  terms  of  dislocations  and  normal 
glide  processes.  These  authors  established  that,  for  com- 
pressive kink  bands  pairs  of  dislocations  of  opposite 
sign  are  nucleated  within  the  volume  to  be  kinked,  and 
these  dislocations  align  into  parallel  walls  nearly  nor- 
mal to  the  slip  plane.  Dislocations  of  one  sign  enter  one 
wall  while  those  of  the  opposite  sign  enter  the  other. 

A misorientation  in  the  kinked  region  then  results  from 
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Figure  1:  The  geometry  of  { 1 01  ll  0.123/  slip  relative  to 

the  close-packed  hexagonal  unit  cell.  The 
(1011)  plane  and  the  two  Burgers  vectors  which 
lie  in  this  plane,  a/3  [1123]  and  a/3  [2113] 
are  shown.  Note  that  this  Burgers  vector  equals 
an  a + f vector 
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rotation  associated  with  slip  on  a single  system.  Figure 
2 is  a micrograph  of  a typical  kink  of  this  type  from  the 
research  of  Gilman  (22).  It  is  recognized  that  the  nuclea- 
tion  process  involves  creating  dislocation  loops  on  uni- 
formly spaced  slip  planes.  It  is  also  noted  that  the 
dislocation  walls,  or  bend  planes  as  they  are  commonly 
called,  are  capable  of  moving,  and  that  the  kink  band 
misorientation  may  continuously  increase  by  the  incorpor- 
ation of  pairs  of  new  dislocations  into  the  bend  planes. 

Gilman  and  Read  (23)  demonstrated  that  kink  bands 
could  also  be  formed  in  zinc  single  crystal  tensile 
specimens,  and  while  the  geometry  of  these  kinks  was  much 
the  same  as  that  observed  by  Hess  and  Barrett  (21),  the 
morphology  was  different.  In  this  case  kinks  were  nucleated 
at  some  lattice  inhomogeniety  which  had  caused  a bending 
moment.  This  resulted  in  creating  an  excess  number  of 
edge  dislocations  of  one  sign  in  these  regions.  These 
dislocations  then  form  bend  planes,  as  in  the  case  of 
compressive  kink  bands.  One  major  distinction  between 
compressive  and  tensile  kinks  is  that,  for  the  former,  the 
dislocation  pairs  are  created  within  the  kink,  while  for 
the  latter  they  are  created  outside.  . This  is  significant 
since  it  indicates  that  for  the  case  of  tensile  kink  bands 
the  dislocations  entering  each  bend  plane  are  nucleated 
at  different  sources.  Because  no  conservative  mechanism, 
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Figure  2:  A compressive  kink  band  in  a single  crystal  of 

high  purity  zinc.  Basal  slip  traces  are  ob- 
served within  the  kinked  region.  The  trace  of 
the  bend  plane  is  inclined  at  about  70°  from 
lower  right  to  upper  left  (after  Gilman  (22)). 
225X 
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is  recognized  in  dislocation  mechanics  whereby  dislocations 
of  one  sign  can  be  created,  this  implies  that  somewhere 
in  the  lattice  there  are  dislocations,  equal  in  number,  but 
opposite  in  strength,  to  those  appearing  in  the  bend  planes 
The  specimens  of  Gilman  and  Read  which  formed  tensile  kinks 
had  crystal  orientations  from  x0  = 15°  to  x0  = 75°,  where 
xQ  is  the  angle  between  the  stress  axis  and  the  basal 
plane;  so  these  second  sets  of  dislocations  were  probably 
free  to  glide  out  of  the  crystal. 

As  a result  of  these  and  other  related  experiments 
(24,25,26,27)  two  general  rules  governing  the  geometry  of 
kink  bands,  which  result  from  slip  on  a single  plane,  were 
established.  These  are  t 

1)  The  bend  plane  bisects  the  angle  between  the 
slip  plane  in  the  matrix  and  in  the  kink. 

2)  The  bend  plane  bisects  the  angle  between  the 
slip  directions  of  the  kink  and  the  matrix. 

Gilman  and  Read  (23)  showed  that  any  discontinuity  in 
shear  strain  which  results  from  a simple  slip  process  must 
necessarily  bisect  the  misorientation  angle.  If  this  angle 
is  not  bisected,  then  slip  of  a second  type  must  occur  (28) 
Since  basal  slip  alone  was  observed  in  kink  band  formation, 
these  investigators  were  able  to  account  for  rule  1 above. 
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Using  the  expression  for  the  shear  stress  of  an  infinite, 
vertical  array  of  edge  dislocations  proposed  by  Burgers 
(29),  these  authors  also  found  that  a vertical  wall  of 
edge  dislocations  is  self-stabilizing  and  represents  a 
low  energy  configuration.  This  indicates  that  an 
attractive  interaction  exists  between  the  wall  and  the 
edge  dislocations  of  the  same  sign  in  the  lattic-e.  Other 
authors  (30,31,32,33)  have  since  extended  the  theory  of 
dislocation  walls,  but  the  basic  qualitative  features 
remain  unchanged. 

Most  of  the  kink  bands  studied  by  the  above  mentioned 
investigators  (21,23)  had  a <1100>  bend  axis,  so  that  the 
band  plane  was  nearly  normal  to  a <ll!20>  slip  direction. 
Kink  bands  with  this  axis,  whether  tensile  or  compressive, 
may  be  completely  described  in  terms  of  a single  disloca- 
tion type  with  Burgers  vector  ^ < 1120>  . Hess  and  Barrett 
(21),  however,  also  noted  examples  of  bending  about  a <1120) 
axis.  For  this  case  the  bend  plane  normal  bisected  a 
direction  lying  midway  between  two  slip  directions,  and 
the  kink  band  must  have  resulted  from  equal  amounts  of  slip 
on  two  basal  slip  systems.  Here  the  bend  plane  should  be 
composed  of  an  equal  number  of  two  dislocation  types. 
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The  Mechanical  Effects  of  Grain  Boundaries 

It  has  long  been  recognized  that  intercrystalline 
boundaries  increase  the  strength  of  a metal  crystal.  This 
was  concluded  by  Polanyi  and  Schmid  (34)  and  by  Miller  (35), 
as  a result  of  their  classic  experiments.  The  latter 
thought  that  the  increase  in  hardness  resulted  from  the 
fixed  nature  of  the  slip  planes  where  they  intersected 
the  boundary.  Chalmers  (36)  tested  tin  bicrystals  in 
tension,  where  the  two  crystal  orientations  were  identical 
with  respect  to  the  stress  axis,  and  found  that  the  elastic 
limit  increased  linearly  as  the  misorientat ion  angle  be- 
tween the  two  crystals  increased.  This  implied  that  the 
strengthening  effect  was  more  involved  than  originally 
indicated  by  Miller  (35). 

Numerous  investigators  have  also  found  that  the 
normal  slip  processes  observed  in  the  interior  of  poly- 
crystalline  grains  are  inhibited  in  the  region  adjacent 
to  the  boundary.  Carpenter  and  Elam  (37)  and  Yamaguchi 
(38)  concluded  from  deformation  experiments  on  coarse 
grained  aluminum  that  less  deformation  occurs  near  grain 
boundaries.  The  former  authors  observed  this  effect  up 
to  2.5  mm.  from  the  boundary.  In  addition,  Hibbard  (39) 
has  noted  a similar  retardation  of  slip  at  grain  bound- 
aries in  copper. 
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The  complex  nature  of  grain  boundary  hardening  has 
more  recently  been  demonstrated  by  Galligan,  Fenerstein, 
and  Luhman  (40).  These  investigators  strained  a zinc 
bicrystal  by  pure  shear  parallel  to  the  boundary  and 
observed  the  relative  amounts  of  strain  throughout  the 
specimen.  The  two  crystal  orientations  were  related  to 
one  another  by  a rotation  about  the  basal  plane  normal, 
so  that  the  orientation  of  the  close-packed  plane  was  the 
same  in  both  lattices.  In  addition,  the  plane  of  the 
boundary  was  parallel  to  the  basal  plane  in  each  crystal. 
Figure  3 is  a micrograph  from  their  original  work  and 
shows  the  shear  of  a fiducial  line  which  was  originally 
perpendicular  to  the  boundary.  This  illustrates  that 
the  normal  crystallographic  slip  process  by  which  each 
crystal  deforms  is  inhibited  in  the  region  near  the  grain 
boundary,  even  when  the  active  slip  plane  does  not  inter- 
sect the  boundary.  As  indicated  by  the  arrow,  deformation 
by  grain  boundary  shear,  rather  than  basal  slip,  has 
occurred  in  this  region. 

However,  despite  the  hardening  effect  associated  with 
intercrystalline  boundaries  and  its  influence  on  the  nor- 
mal slip  processes,  polycrystalline  materials  have  an 
additional  means  by  which  they  may  deform  relative  to  single 
crystals.  This  occurs,  primarily  at  elevated  temperatures, 
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Figure  3:  The  distribution  of  shear  strain  in  the  vicinity 

of  the  grain  boundary  of  a zinc  bicrystal.  The 
arrow  adjacent  to  the  boundary  points  out  that 
grain  boundary  shear  has  occurred  (after  Galligan, 
et  al.  (40)).  238X 
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by  the  movement  of  grains  with  respect  to  one  another;  and 
this  causes  large  deformation,  commonly  referred  to  as 
grain  boundary  shear,  to  be  concentrated  into  small  regions 
adjacent  to  the  boundary.  Grain  boundary  shear  has  been 
observed  in  many  metal  systems  under  the  proper  conditions 
of  temperature  and  strain  rate.  Figure  4 is  a micrograph 
illustrating  this  effect  in  magnesium  deformed  2.2  per 
cent  at  room  temperature. 

The  mechanism  by  which  grain  boundary  deformation 
occurs  is  not  well  understood.  Gifkins  and  Langdon  (42) 
have  recently  concluded, 

...  that  there  are  two  distinct  processes: 

(i)  "true"  sliding...  at  the  boundary,  and 

(ii)  shear  near  the  boundary  in  a narrow 

zone .... 

These  authors  presented  evidence  that  the  first  of  these 
may  occur  independent  of  the  second  by  showing  that  the 
discontinuities  in  traces  which  cross  a grain  boundary 
in  a magnesium  - 0.7  per  cent  aluminum  alloy  are  sharp 
even  at  80.000X.  It  was  also  noted  that  high  temperature 
sliding  may  occur  by  a vixcous  flow  process.  However, 
their  investigators  demonstrated  that  this  mechanism  can 
not  explain  the  deformation  at  temperatures  well  below 
the  melting  point.  Based  on  a model  for  the  atomic  struc- 
ture of  a grain  boundary  which  combines  the  "island"  theory 
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Figure  4:  Grain  Boundary  shear  in  a polycrystalline 

magnesium  tensile  specimen  (after  Hauser, 
Starr,  Tietz.  and  Dorn  (41))  . 140X 
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of  Mott  (43)  and  the  defect  structure  theory  of  Ke  (44) , 
Conrad  (45)  has  concluded  that  the  rate  controlling  step 
in  sliding  is  the  deformation  of  jogs  on  the  boundary. 

On  the  other  hand,  Rhines  (46)  has  contended  that 
sliding  per  se  does  not  occur,  but  that  grain  boundary 
deformation  results  from  shear  in  a zone  of  finite  width 
on  one  side  of  the  interface.  Regarding  the  mechanism 
of  this  shear,  Hibbard  (39)  has  stated  that  the  proximity 
of  a boundary  may  result  in  slip  on  systems  which  would 
not  be  operative  in  a single  crystal  under  similar  stress. 
He  referred  to  this  as  "forced  slip,"  which  is  believed 
to  include  slip  systems  that  can  operate  in  a single 
crystal  of  the  same  metal.  In  a discussion  of  this, 
Chalmers  (47)  stated  that. 


...  this  concept  should  be  extended  to  in- 
clude families  of  planes  and  directions  that 
are  never  detected  as  active  slip  planes  in 
the  single  crystal....  There  is  some  evidence 
that  very  severely  deformed  metals  no  longer 
deform  by  slip  of  the  usual  kind,  even  in 
the  interior  of  grains  (48).  It  is  possible 
that  such  a wide  variety  of  possible  slip 
planes  is  available  that  the  main  criterion 
is  that  of  maximum  resolved  shear  stress,  in 
which  case  the  process  should  be  described 
as  "non-crystallographic" . . . . 


On  this  basis  it  is  thought  that  the  shear  occurs  either  by 
a process  of  multiple  glide  or  by  non-crystallographic  flow 
in  a small  volume  adjacent  to  the  boundary. 
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Twinning  in  Magnesium 

Mechanical  twinning  is  also  a means  of  plastic  de- 
formation available  to  hexagonal  close-packed  metals. 
Unlike  twinning  in  face-centered  cubic  and  body-centered 
cubic  systems,  where  the  twinning  shear  defines  the  atom 
movements  exactly,  the  shear  for  hep  twinning  represents 
the  resultant  average  movement  of  a large  number  of  atoms. 

In  order  to  describe  the  motion  of  individual  atoms,  it  is 
often  necessary  to  postulate  movements  that  occur  other 
than  in  the  twinning  direction  (49,50,51),  and  in  some 
cases  it  is  even  necessary  to  include  transverse  movements. 

The  most  important  twinning  mode  in  magnesium  is 
U0I2J  <ioTi>.  it  is  common  to  most  hep  metals  and,  under 
the  proper  conditions  of  stress  and  orientation,  may  occur 
profusely  at  a relatively  low  load.  For  hexagonal  metals, 
such  as  magnesium  where  c/a  = 1.724  and  is,  therefore,  less 
than  ideal,  the  conditions  for  {10T2]  twinning  are 
satisfied  by  compression  parallel  to  the  basal  plane.  Thus, 
{1012}  twinning  does  not  occur  when  single  crystals,  orient- 
ed with  the  basal  plane  parallel  to  the  stress  axis,  are 
pulled  in  tension.  {lOllj  and  {1013}  twins  have  been  ob- 
served in  single  crystals  of  magnesium  by  Reed-Hill  (52,53) 
under  closely  controlled  conditions  of  temperature  and 
stress . 
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These  twins  never  occurred  as  an  independent  mode  of  de- 
formation, but  were  always  retwinned  on  a {1012}  plane. 

The  boundary  orientation  of  the  second-order  £ 101 1 1 - 1 10l2} 
and  {1013}  - {1012}  twins  differed  from  the  coherent  posi- 
tion of  the  primary  twin  habit,  indicating  that  a habit 
shift  of  some  type  had  occurred.  Also,  the  first  of  these 
double  twinning  modes  has  been  observed  to  significantly 
influence  the  deformation  and  fracture  of  both  single  and 
polycrystalline  magnesium,  as  will  be  discussed  later. 

Twin  Boundaries 

Twin  boundaries,  in  general,  may  be  classified  as 
either  coherent  or  non-coherent . For  the  case  of  a co- 
herent boundary,  the  twin  interface  is  parallel  to  the 
first  undistorted  plane,  K^.  In  this  position  the  bound- 
ary is  a mirror  plane  for  the  twin  and  matrix  orientations, 
and  the  lattice  planes  meet  in  a one-to-one  correspondence. 
Figure  5 illustrates  schematically  a coherent  twin  boundary 
in  a fee  lattice.  Each  atom  in  this  boundary  retains  the 
equilibrium  interatomic  spacing  with  its  neighbors. 

For  the  case  of  a non-coherent  twin  boundary,  where 
the  twin  interface  is  not  parallel  to  the  twinning  plane, 
the  lattice  planes  of  the  two  orientations  no  longer  meet 
in  a one-to-one  correspondence.  Boundaries  of  this  type 
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Figure  5:  Coherent  twin  boundary  in  a face-centered 

cubic  lattice  (after  C.S.  Barrett  (49)) 
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are  best  described  by  an  array  of  twinning  dislocations, 
as  pictured  schematically  in  Figure  6.  For  a fee  lattice, 
the  Burgers  vector  of  these  dislocations  is  uniquely  de- 
fined by  the  twinning  shear. 

By  assuming  that  every  third  twinning  dislocation  in 
a {112£  twin  boundary  is  iron  dissociates  according  to 
the  reaction 

- | <111)  ^ -f  <111>  + | <111>  , 

twin  dislocation  slip  dislocation  complimentary 

dislocation 

Sleezwyk  (55)  noted  that  the  stresses  present  at  the  twin 

\ 

tip  were  relieved.  The  first  of  the  two  product  disloca- 
tions is  a normal  slip  dislocation  which  is  free  to  glide 
away  from  the  twin  tip  on  the  twinning  plane.  The  second, 
which  was  referred  to  as  a "complimentary  dislocation," 
remained  in  the  twin  boundary.  Sleezwyk  noted  that  the 
magnitude  of  the  Burgers  vector  of  this  latter  dislocation 
was  twice  that  of  the  original  twinning  dislocation,  and 
the  sense  of  the  two  was  opposite.  The  array  of  twinning 
and  complimentary  dislocations  which  resulted  in  a non- 
coherent twin  boundary  is  illustrated  in  Figure  7.  Such 
a configuration  does  not  have  a long-range  stress  field 
since  the  net  Burgers  vectors  for  the  two  dislocation 
types  cancel. 
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Figure  6:  A non-coherent  twin  boundary  in  a face-centered 

cubic  lattice.  Because  the  plane  of  the  paper 
corresponds  to  the  plane  of  shear  for  this  twin, 
the  twinning  dislocations  are  viewed  in  the  edge 
orientation.  The  extra  half  plane  for  these 
dislocations  is  the  l<2  plane  for  the  twinning 
mode.  The  segment  of  the  boundary  ab  is  in  the 
coherent  orientation,  while  be  is  in  the  non- 
coherent. 
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Figure  7 : A schematic  illustration  of  a non-coherent 

twin  boundary  in  a body-centered  cubic  lattice 
based  on  the  emmisary  dislocation  theory  of 
Sleezwyk  (55).  Figure  from  Hull  (56) 
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Twin  boundaries  in  the  hep  lattice  are  more  difficult 
to  describe  than  those  in  fee  or  bcc.  Because  of  the  lower 
symmetry  of  this  crystal  class,  the  shear  experienced  by 
successive  planes  is  different.  For  lloTl}  and  {1012} 
twins  the  shear  of  individual  atoms  repeats  itself  only 
on  every  fourth  plane.  For  this  reason  it  is  difficult 
to  define  the  nature  of  the  individual  twinning  disloca- 
tions for  these  modes.  This,  in  turn,  makes  it  even  more 

difficult  to  determine  how  these  interact  with  one  another 

« 

or  with  other  lattice  defects. 

Interaction  Between  Slip  and  Twinning 

Dislocation  glide  across  twin  boundaries  - Slip  and 
deformation  twinning  are  often  closely  interrelate^ 
phenomena.  One  example  involves  cross-glide  of  dislocations 
between  the  matrix  and  twin  lattices.  Based  on  theoretical 
considerations,  Sleezwyk  and  Verbraak  (57)  have  demonstrated 
that,  for  1 1 125  twinning  in  bcc  lattices,  a properly 
oriented  <111)  slip  dislocation  may  glide  across  the  twin 
boundary  onto  the  corresponding  slip  plane  in  the  twin.  In 
so  doing,  it  leaves  a step  on  the  boundary  equivalent  to 
two  twinning  dislocations,  and  under  the  proper  stress  these 
may  glide  along  the  boundary  resulting  in  an  increase  in 
thickness  of  the  twin.  Reed-Hill  (58)  has  also  made  a 
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similar  observation  on  {l 1 2 1 } twins  in  zirconium.  Here 
an  3 basal  dislocation  in  the  matrix  may  dissociate 

at  the  twin  boundary  into  an  $ <1120>  dislocation  on  the 
twin  basal  plane,  plus  two  { 1 1 2 1 I twinning  dislocations. 

For  these  cases  twin  boundaries  do  not  represent  a barrier 
to  slip,  and  dislocations  may  glide  completely  through  the 
twinned  structure. 

win  accommodation  kinking  - A second  interrelation 
that  may  occur  between  slip  and  twinning  concerns  the 
accommodation  of  the  shear  of  a twin  within  the  matrix.  A 
shear  cannot  end  abruptly  within  a crystal,  but  must  be 
dissipated  gradually  if  continuity  is  to  be  maintained 
between  the  sheared  and  unsheared  regions.  This  continuity 
is  significant  in  view  of  the  statement  by  Chalmers  (47), 

...the  stress  distribution  will  not  in 
general  be  uniform,  but  will  be  modified 
so  that  strain  tends  to  be  continuous 
across  the  crystal  boundary.  When  there 
is  an  abrupt  change  in  strain  as  a bound- 
ary is  crossed,  intercrystalline  fracture 
may  occur. . . . 

As  evidence  of  this,  Armstrong  (59)  has  pointed  out  that 
fracture  may  occur  at  twins  in  cases  where  there  are  in- 
sufficient deformation  modes  available  in  the  matrix  to 
permit  accommodation  of  the  twinning  shear. 

Jillson  (25),  Pratt  and  Pugh  (60),  and  Moore  (61,62) 
have  concluded  that  lattice  kinking  is  the  primary 
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mechanism  of  {1012$  twin  accommodation  in  zinc.  Figure  8 
is  a photomicrograph  illustrating  that  this  same  type  of 
accommodation  kink  is  associated  with  {10l2f  twinning  in 
magnesium. 

The  bend  axis  of  an  accommodation  kink  accompanying 
a particular  type  of  twin  is  identical  to  the  axis  of 
rotation  associated  with  the  twinning  shear  (25,60,62). 

For  this  reason,  twin  modes  intersecting  the  basal  plane 
along  a <1120>  direction,  such  as  { 10T2 i and{10ll$  twins, 
have  this  same  Ol^O^  direction  as  the  bend  axis  for  their 
accommodation  kinks.  Thus,  the  bend  planes  which  support 
the  kink  misorientat ion  must  be  composed  of  equal  numbers 
of  two  dislocation  types  (see  page  9 ). 

Accommodation  of  the  Twinning  Shear  at  Boundaries  - It 

was  noted  on  page  23  that  the  shear  of  a particular  twin 

cannot  end  abruptly  within  a lattice  without  producing  some 

form  of  matrix  accommodating  deformation.  This  applies  not 

only  in  single,  but  also  in  polycrystalline  material;  so 

intersection  of  a grain  boundary  by  a twin  should  require 

that  accommodating  deformation  occur  in  the  grain  ahead 

of  the  twin.  The  mechanism  by  which  this  accommodating 

• 

deformation  occurs  could  have  a significant  bearing  on 
the  understanding  of  second-order  twinning.  In  this  case 
also  the  shear  of  a twin  (the  second  twinning  mode)  inter- 
sects a boundary  (the  primary  twin  boundary),  and  this 
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Figure  8 


Accomrrodation  of  the  shear  of  a {10T2]  twin 
in  magnesium  by  kinking  on  the  basal  plane 
(after  Reed-Hill  (63)), 
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shear  must  be  accommodated  in  the  matrix  lattice  across 
the  boundary  and  ahead  of  the  twin,  as  discussed  above 
for  simple  twinning. 

In  zirconium  three  different  types  of  matrix  lattice 
deformation,  which  may  occur  in  one  grain  as  a result  of 
twinning  in  an  adjacent  grain,  have  been  observed.  These 
are  illustrated  in  Figures,  9,  10,  and  11  where  twins  are 
observed  to  intersect  a grain  boundary.  In  each  case, 
accommodating  deformation  has  occurred  in  the  neighboring 
grain  ahead  of  where  the  twin  intersected  the  grain  bound- 
ary. The  surfaces  of  these  specimens  were  polished  and 
anodized  (64)  in  such  a manner  that  small  lattice  rotations 
are  revealed  under  polarized  light.  In  the  first  of  these 
micrographs  the  twinning  shear  is  accommodated  across  the 
grain  boundary  by  formation  of  a kink  band.  This  type  of 
structure  is  thought  to  result  from  the  fact  that. a slip 
plane  in  the  neighboring  grain  was  about  normal  to  the 
shear  direction  of  the  twins.  The  photomicrograph  in 
Figure  10  illustrates  a second  means  of  accommodating  the 
twinning  shear  across  a grain  boundary.  In  this  case,  twin 
ning  in  the  neighboring  grain  has  been  induced  as  a result 
of  twinning  in  the  grain  in  question.  This  type  of  accommo 
dation  should  normally  occur  when  a twinning  plane  in  the 
adjacent  grain  is  nearly  parallel  to  the  habit  of  the  twin 
in  question.  A third  type  of  accommodating  deformation  is 
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Figure  9:  Accommodation  of  the  shear  of  {ll5l}  twins  in 

zirconium  by  kinking  across  a grain  boundary. 

The  lattice  rotation  associated  with  these 
kinks  is  revealed  by  the  light  areas  in  the 
grain  where  the  accommodation  is  occurring. 
Specimen  strained  3 per  cent  by  rolling  at 
77°K. (courtesy  of  R.E.  Reed-Hill).  2.000X 
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Figure  10:  Accommodation  of  the  shear  of  Ul2l}  twins 

in  zirconium  across  a grain  boundary  by 
twinning  in  the  adjacent  grain.  Specimen 
strained  0.65  per  cent  by  rolling  at  77°K. 
(courtesy  of  R.E.  Reed-Hill).  750X 
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Figure  11 : Accommodation  across  a grain  boundary  of  the 

shear  of  twins  in  zirconium  by  slip  in  the 
adjacent  grain.  Specimen  strained  12,6  per 
cent  at  room  temperature  and  a rate  of  0.02 
inches/inch/min.  (courtesy  of  R.E;  Reed-Hill). 
1137X 


30 


illustrated  in  Figure  11.  Here  slip  has  been  nucleated 
in  one  grain  as  a result  of  twinning  in  another.  This  type 
of  defcrrration  was  commonly  observed  when  a slip  plane  in 
the  neighboring  grain  was  about  parallel  to  the  twin  habit 
in  question. 

In  addition,  Reed-Hill  (58)  has  observed  another 
mechanism  by  which  the  shear  of  {1121}  twins  may  be  accom- 
modated at  grain  boundaries.  This  is  illustrated  in  rigure 
12.  where  two  basal  kink  bands  are  observed  near  the  tip 
of  the  twins  in  question.  Cne  of  these  kinks  is  in  the 
twin  and  the  other  in  the  matrix.  This  type  of  accommoda- 
tion was  normally  observed  when  the  relative  orientation 
of  two  adjacent  grains  was  such  that  the  shear  of  the  twin 
in  one  grain  could  not  be  accommodated  in  the  second  by  one 
of  the  mechanisms  discussed  above. 

Fracture 

Conrad  (45)  has  discussed  three  basic  mechanisms  by 
which  crack  or  voids  may  open  up  at  an  intercrystalline 
boundary.  These  are  illustrated  schematically  in  Figure  13. 
Figure  13,  part  a,  shows  how  a wedge-shaped  crack  may  re- 
sult at  a three-grain  juncture,  according  to  the  fracture 
theory  of  Zener  (65).  In  addition,  Gif kins  (66),  Chen  and 
and  Machlin  (67,68),  and  McLean  (69)  have  demonstrated  how 
voids  may  form  as  a result  of  jogs  or  projections  on  the 
boundary.  This  is  illustrated  in  Figure  13,  parts  a and  b. 
Chen  and  Machlin  (67,68)  assumed  that  projections  are  an 
inherent  part  of  the  grain  boundary  structure  and  that  voids 
may  result  directly  from  shearing  these  parallel  to  the 

boundary.  Recent  observations  of  grain  boundaries 
(70)  in  the  field-ion  microscope  have  confirmed 
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Figure  12:  Acconmodat ion  of  the  shear  of  {11211  twins 

in  zirconium  by  formation  of  a double  kink 
One  kink  is  observed  in  the  matrix  ahead  of 
the  twins  as  a region  of  darker  contrast, 
while  a second  kink  is  revealed  within  the 
twins  at  their  tips  as  a region  of  lighter 
contrast.  Specimen  prestrained  0.6b  per  cent 
by  rolling  at  77°K.  and  then  strained  26.8 
per  cent  in  tension  at  room  temperature  and 
a rate  of  0,02  inches/inch/min.  (courtesy 
of  R.E.  Reed-Hill).  2.000X 
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Figure  13:  A schematic  illustration  of  mechanisms  which 

have  been  proposed  to  account  for  the  nucle- 
ation  of  intercrystalline  voids. (after  Conrad 
(45)) 
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that  boundary  structures  of  this  type  do  exist.  On  the 
other  hand,  Gifkins  (66)  and  McLean  (69)  assumed  that 
jogs  result  from  interaction  of  slip  bands  with  the  bound- 
ary. Figure  14  illustrates  an  additional  crack  nucleation 
mechanism  proposed  by  Zener  (65).  Here,  an  obstacle  to 
slip  causes  coalesence  of  edge  dislocations  of  the  same 
sign  and  nucleates  a crack  normal  to  the  slip  plane.  The 
example  shown  demonstrates  how  a grain  boundary  may  act 
as  such  an  obstacle.  Conrad  has  also  considered  the 
various  mechanisms  by  which  voids  may  grow  once  they  form. 
These  are  illustrated  schematically  in  Figure  15  from  his 
paper . 

It  has  commonly  been  observed  (71)  that  metals  may 
fracture  in  a ductile  manner,  even  though  they  are  brittle 
on  a macroscopic  scale.  The  mechanism  by  which  ductile 
rupture  normally  proceeds  is  coalescence  of  voids;  that 
is,  cracks  or  voids  open  up  as  a result  of  plastic  flow 
and  grow  until  they  interconnect  and  separate  the  metal. 
Electron  microscopy  is  ideally  suited  for  fractography 
studies  because  of  the  high  magnification  and  large  depth 
of  field  obtainable.  Using  this  as  a tool,  Beachem  (71) 
has  shown  that  there  are  three  basic  mechanisms  of. void 
coalescence:  normal  rupture,  shear  rupture,  and  tearing. 

These  are  illustrated  in  Figure  16.  The  directional 
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Figure  14:  A schematic  illustration  of  how  an  obstacle 

to  slip  may  cause  nucleation  of  a crack 
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Figure  15:  A schematic  illustration  of  mechanisms  by 

which  intercrystalline  voids  may  grow  once 
they  are  nucleated:  a)  advancement  of  a crack 
by  continued  sliding,  b)  vacancy  condensation 
on  a crack  nucleus  produced  by  sliding,  and  c) 
combined  action  of  advancement  of  a crack  tip 
by  sliding  and  vacancy  condensation  (after 
Conrad  (45)) 
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Figure  16:  A schematic  illustration  of  three  basic  mechan- 
isms of  void  coalesence : (a)  normal  rupture, 

(b)  shear  rupture,  and  (c)  tearing  (after 
Beachem  (71)). 
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characteristics  of  these  voids  on  the  fracture  surface  is 
also  shown.  Figures  17,  18,  and  19  are  three  electron 
micrographs  of  fracture  surfaces  illustrating  the  actual 
appearance  of  these  voids  for  the  three  observed  fracture 
mechanisms . 

Second-Order . $1011?  - ■(10121  Twinning 

Reed-Hill  and  Robertson  (72)  observed  that,  upon  load- 
ing a magnesium  single  crystal  with  the  basal  plane  parallel 
to  the  tensile  axis,  a narrow  band  of  intense  deformation 
appeared  in  regions  of  concentrated  stress  shortly  after 
yielding.  It  was  also  observed  that  fracture  follows  as 
a direct  result  of  deformation  in  this  band.  These  bands 
were  originally  classified  as  ^3034j  twins,  since  their 
habit  was  close  to  this  orientation  (52,72).  However, 
more  extensive  investigation  revealed  that  these  were 
actually  second-order  twins,  where  a primary  {1011}  twin 
had  undergone  retwinning  on  { 10T2 } . Second-order  twins 
of  this  type  were  first  reported  by  Couling  and  Roberts  (73) 
and  later  more  thoroughly  analyzed  by  Reed-Hill  (53).  In 
the  latter  research,  convincing  evidence  in  support  of  this 
double  twinning  process  was  obtained  in  the  form  of  extinc- 
tion measurements  of  the  basal  plane  trace  using  a polarized 
light  microscope.  Reed-Hill  was  able  to  measure  extinctions 
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Figure  17:  Electron  micrograph  of  a normal  rupture 

fracture  surface  . (after  Beachem  (71)  )# 
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Figure  18:  Electron  micrograph  of  a sheaf  rupture 

fracture  surface  (after  Beachem  (71)). 
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Figure  19:  Electron  micrograph  of  a fracture  surface 

which  resulted  from  tearing  (after  Beachem 
(71)). 
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in  second-order  twins  and  also  in  small  primary  twins  at 
the  tips  of  second-order  twins.  His  measurements  of  the 
extinction  positions  corresponded  closely  to  the  predicted 
positions  of  the  basal  plane  trace  for  both  the  second- 
order  twins  and  the  primary  {lOTlI  twin  tips. 

The  importance  of  (lOTll  - U012I  twinning  extends 
beyond  its  role  as  a mode  of  deformation  in  magnesium. 

A coherent  { 1 OT 1}  twin  boundary  makes  an  angle  of  61°54! 
with  the  basal  plane.  However,  second-order  twin  bands 
are  inclined  at  about  56°  to  the  basal  plane.  It  follows 
from  this  that,  in  some  stage  of  the  second-order  twinning 
process,  the  habit  is  shifted  toward  the  basal  plane  by 
about  6°.  The  phenomenon  of  a habit  shift  is  not  new  in 
metallurgical  processes,  as  it  has  been  studied  for  many 
years  in  conjunction  with  martensite  transformations  in 
iron-base  (74),  as  well  as  in  non-ferrous  (75,76,77),  alloy 
‘ systems. 

Wechsler,  Lieberman,  and  Read  (78)  were  the  first  to 
develop  a theory  for  martensite  transformations  which 
successfully  accounted  for  the  irrational  habit  plane 
separating  the  parent  and  product  structures.  Their 
theory  assumed  that  the  transformation  occurs  as  an  invar- 
iant plane  strain;  that  is,  a shear  strain  parallel  to  the 
habit  plane,  plus  a tensile  or  compressive  strain  normal  to 
the  boundary.  Thus,  they  considered  the  interface  between 
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the  two  structures  as  a plane  of  zero  net  distortion.  By 
this  theory  thne  habit  plane  for  some  martensite  reactions 
can  be  rationalized.  Later  extensions  of  this  theory  have, 
been  made  by  Bowles  and  Mackenzie  (79),  Frank  (80),  Suzuki 
(81),  and  Eullough  and  Bilby  (82),  but  the  fundamental 
principles  originally  put  forth  are  essentially  the  same. 

Under  the  assumption  that  the  double  twinning  shear 
is  also  an  invariant  plane  strain,  Crocker  (83)  has  extend- 
ed this  type  of  approach  to  the  phenomena  of  second-order 
twinning  in  an  attempt  to  explain  the  observed  habit  shift. 
By  assuming  that  no  accommodating  deformation  of  either 
parent  or  product  accompanies  the  double  shear,  a habit 
inclined  at  70°48'  to  the  basal  plane  was  predicted.  It 
was  also  shown  that,  by  assuming  various  relative  amounts 
of  the  shear  are  accommodated  by  the  parent  and  the  product, 
a habit  inclined  anywhere  from  61°54’  to  70°48'  could 
result.  This  yields  a discrepancy  between  the  predicted 
and  observed  habit  of  from  6°  to  15°.  But  more  significant 
is  the  fact  that  the  theory  predicts  a habit  rotation  in 
the  opposite  sense  than  that  actually  observed. 

Deformation  and  Fracture  in  Magnesium 

The  temperature  dependence  of  the  strain  to  fracture 
for  polycrystalline  magnesium  is  illustrated  in  Figure  2C 
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Temperature,  °F. 

Figure  20:  The  temperature  dependence  of  the  strain-to- 

fracture  for  polycrystalline  magnesium  (after 
Toaz  and  Ripling  (1)). 
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and  for  single  crystals  with  the  basal  plane  parallel  to 
the  stress  axis  in  Figure  21.  A striking  similarity  is 
noted  in  the  curves  above  room  temperature.  However, 
single  crystals  regain  a measure  of  ductility  below  room 
temperature,  presumably  as  a result  of  prismatic  slip. 

The  question  then  follows  as  to  why  the  room  temperature 
ductility  of  magnesium  single  crystals  is  so  severely 
limited,  and  if  a relationship  exists  between  the  behavior 
of  single  and  polycrystalline  material  at  this  temperature. 

The  ductility  and  fracture  behavior  of  polycrystalline 
magnesium  is  unique  in  a number  of  ways  and  may  be  related 
to  the  available  modes  of  plastic  deformation.  Hauser, 
Landon,  and  Dorn  (8)  have  observed  that  the  low  temperature 
fracture  of  polycrystalline  magnesium  often  proceeds  in- 
tergranularly , a property  usually  characteristic  of  high 
temperature  fractures.  Taylor  (84)  has  treated  the  problem 
of  deformation  in  a polycrystalline  aggregate  by  consider- 
ing the  restraints  imposed  upon  a single  grain.  He  con- 
cluded that,  for  a grain  to  deform  in  conjunction  with  the 
boundary  conditions  imposed  by  its  neighbors,  it 
must  have  available  at  least  five  independent  modes  of 
deformation.  Hauser  et  al.  have  applied  this  theory,  to 
magnesium  and  have  explained  the  low  temperature  brittle- 
ness in  terms  of  a lack  of  enough  available  deformation 
modes . 


Reduction  in  Area,  Per  Cent 
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Figure  21:  The  temperature  dependence  of  the  strain- 

to-fracture  for  single  crystals  of  mag- 
nesium oriented  with  the  basal  plane 
parallel  to  the  stress  axis  (after 
Reed-Hill  and  Robertson  (52)) 
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On  the  other  hand,  Rhines  and  Wray  (85)  have  noted 
that  the  ductility  characteristics  of  numerous  metals  are 
such  that  the  elongation  to  fracture  is  often  a minimum 
in  the  temperature  range  just  below  that  of  recrystalli- 
zation, In  this  region  grain  boundary  shearing  is  an 
important  mechanism  of  deformation,  and  as  a result 
fractures  often  proceed  intergranularly . The  room  temp- 
erature brittleness  of  magnesium  may  be  described  in 
terms  of  this  generalized  behavior  of  other  metals,  since 
room  temperature  coincides  with  the  recovery  range  of  this 
metal.  In  addition,  grain  boundary  shearing  has  been  com- 
monly observed  near  room  temperature  (41,42).  On  this 
basis,  fracture  of  magnesium  at  room  temperature  results 
from  an  inherent  weakness  of  the  grain  boundaries  and  the 
fact  that  large,  localized  deformation  occurs  in  these 
regions . 

The  above  arguments  do  not  apply  to  a single  crystal; 
however,  the  limited  ductility  of  both  single  and  poly- 
crystalline  magnesium  at  room  temperature  may  be  inter- 
related by  another  cause.  Reed-Hill  and  Robertson  (72) 
concluded  as  a result  of  their  experiments,  that  second- 
order  {1011}  - {1012}  twins  control  the  room  temperature 
ductility  and  fracture  of  magnesium  single  crystals  when 
the  basal  plane  is  parallel  to  the  stress  axis.  While 
macroscopically  these  crystals  are  brittle  and  fracture 
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at  less  than  1 per  cent  strain,  these  authors  measured 
shear  strains  of  up  to  1,000  per  cent  within  double  twinned 
regions  (52).  Thus,  it  appeared  that  the  fracture  in  these 
crystals  is  actually  extremely  ductile  and  results  from 
concentrating  large  amounts  of  plastic  flow  into  these 
small,  twinned  volumes. 

It  is  also  true  that  many  of  the  room  temperature 
plastic  properties  of  polycrystalline  magnesium  may  be 
related  to  {1011}  — {1012(  twinning.  The  occurrence 

of  this  double  twinning  mode  in  polycrystalline  magnesium 
has  been  confirmed  (86,87,88),  and  it  appears  quite  possibly 
to  have  much  the  same  significance  in  polycrystalline  grains 
as  in  single  crystals.  Cracks  may  open  along  second-order 
twins  and  spread  into  grain  boundaries.  Fracture  then 
proceeds  intergranularly . A classical  photomicrograph, 
due  to  Roberts  (88),  which  illustrates  cracking  along 
second-order  twins  in  polycrystalline  magnesium  is  shown 
in  Figure  22.  Also,  Mote  and  Dorn  (89)  have  found  that 
second-order  twins  of  this  type  are  important  in  the  frac- 
ture of  magnesium  bi-crystals  of  certain  orientations. 

The  plastic  deformation  which  occurs  in  { 1 OTl J - {.10l2j 
twins  is  thought  to  be  responsible  for  the  unlimited  cold- 
rollability  of  a number  of  dilute  magnesium  alloys  (90). 

A study  of  this  phenomenon  by  Couling,  Pashak,  and  Sturkey 
(91)  revealed  that  the  banded  structure  characteristic  of 
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Figure  22:  Cracking  along  a second-order,  {1011]  - {1012}  twin  in  a grain  of 

polycrystalline  rragnesium  tensile  specimen  deformed  at  25°C.  (afte 
Roberts  (88)). 
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these  rolled  alloys  is  due  to  a high  density  of  small, 
second-order  twins  of  this  type,  and  the  "infinite  roll- 
ability"  has  been  attributed  to  deformation  of  the  re- 
oriented material  within  these  twins. 

Kinking  at  second-order  twins  - Reed-Hill  and  Robertson 
(52,72)  have  observed  two  different  types  of  kinks  associated 
with  {1011{  - (1012/,  second-order  twins.  The  first  of 
these  were  lattice  accommodation  kinks  of  the  type  already 
discussed  and  commonly  observed  in  hep  twin  accommodation 
(25,60,61,62).  The  second  type,  which  Reed-Hill  and 
Robertson  (52)  called  shear  accommodation  kinks,  was  quite 
unique  in  a number  of  ways  and  has  only  been  observed  in 
conjunction  with  this  double  twinning  mode  in  magnesium. 
Yosinaga  and  Horiuchi  (92)  have  also  observed  these  kinks 
and  their  observations  are  in  good  agreement  with  those  of 
Reed-Hill  and  Robertson.  The  lattice  rotations  accompany- 
ing shear  accommodation  kinks  are  quite  pronounced,  as  mis- 
orientations  of  20°  are  commonly  observed.  These  kinks 
have  the  property  that  the  bend  plane  does  not  bisect  the 
angle  between  the  basal  plane  on  either  side  of  the  bound- 
ary as  is  the  case  for  most  other  hep  kinks.  In  fact, 
bending  occurred  about  a plane  nearly  parallel  to  the 
second-order  twin  habit.  Reed-Hill  and  Robertson  (52)  ob- 
served that  these  kinks  were  most  pronounced  where  the 
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internal  deformation  of  second-order  twins  was  a minimum, 
and  that  the  kinks  disappeared  where  the  twin  deformation 
was  greatest.  On  this  basis,  shear  accommodation  kinks 
were  thought  to  accommodate  the  non-uniform  strains  exist- 
ing along  second-order  twins. 

The  regions  within  shear  accommodation  kinks  were 
often  highly  plastically  deformed.  Reed-Hill  and  Robertson 
(52)  attributed  this  to  small,  secondary  {loll}  - {10T2] 
twins;  however,  other  traces  were  observed  which  could  not 
be  explained. 

The  Purpose  of  the  Present  Research 

From  the  foregoing  it  may  be  concluded  that  second- 

order  {lOll}  -{.1012}  twinning,  along  with  its  related 

kinking  and  deformation,  is  a very  complex  phenomenon.  It 

« 

may  also  be  concluded  that  these  twins  are  significant 
with  regard  to  the  room  temperature  mechanical  properties 
of  magnesium.  An  understanding  of  all  the  processes  in- 
volved is  desirable  both  for  practical  and  academic  reasons. 
The  present  work  was  undertaken,  therefore,  in  order  to  gain 
a better  understanding  of  all  the  mechanisms  associated  with 
second-order  twinning. 

Of  primary  concern  is  the  {3034}  habit  morphology. 

The  deformation  of  second-order  twins  subsequent  to  their 
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formation  is  also  of  interest  because  of  the  mechanism 
which  allows  small  volumes  of  metal  to  undergo  such  high 
strains.  Also  of  interest  is  how  these  strains  are 
accommodated  into  a matrix  which,  for  the  most  part,  re- 
mains undeformed.  Insight  into  the  nature  of  the  shear 
accommodation  kinks  which  often  accompany  second-order 
twins,  and  a description  of  these  in  terms  of  dislocations, 

. i 

is  also  desired.  In  addition,  more  understanding  is  needed 
concerning  the  processes  by  which  they  deform  internally. 
From  this  it  is  hoped  that  the  role  of  these  kinked  struc- 
tures in  the  overall  twinning  operation  may  be  better 
understood. 


EXPERIMENTAL  TECHNIQUE 


Specimen  Preparation 

Tensile  specimens  for  the  present  experiments  were 
obtained  by  sectioning  a single  crystal  rod,  1/2  inch  in 
diameter  by  8 inches  long.  This  crystal  was  grown  by  Conrad 
(93)  using  a Bridgman  type  furnace  and  was  donated  for  use 
in  the  present  experiments  by  Dr.  R.E.  Reed-Hill.  Details 
of  the  growing  technique,  along  with  the  chemical  composi- 
tion of  the  rod,  are  listed  elsewhere  (93).  A Laue  back 
reflection  X-ray  photograph  revealed  that  the  basal  plane 
was  4°  from  the  crystal  axis  and  a (TlOO>  direction  was  6 
from  this  axis. 

The  crystal  was  sectioned  in  such  a manner  that  a 
number  of  tensile  specimens,  oriented  with  the  basal  plane 
parallel  to  the  stress  axis,  were  obtained.  This  procedure 
involved  mounting  the  crystal  in  specially  prepared  holders, 
using  Trubyte  equalizing  wax,  and  cutting  along  predeter- 
mined planes  with  a jeweler's  saw  and  03  blades.  This 
technique  is  essentially  the  same  used  by  Reed-Hill  and  is 
described  in  greater  detail  elsewhere  (94).  Extreme 
caution  was  taken  throughout  to  insure  that  deformation 
was  localized  to  the  region  of  the  saw' cut. 
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The  original  crystal  was  cut  into  5 cm.  lengths  normal 
to  the  crystal  axis,  and  tensile  specimens  of  3 x 5 mm. 
rectangular  cross  section  were  obtained  from  these.  The 
cross  section  was  oriented  so  that  the  basal  plane  was 
made  parallel  to  the  5 mm.  face  and  a {l210j  plane  made 
parallel  to  the  3 mm.  face.  Specimens  of  this  orientation 
were  desired  since  {l210j  is  the  plane  of  shear  for  twin- 
ning about  the  <1210>  axis.  By  observing  i lOTll  - {10l2? 
twins  on  the  plane  of  shear,  the  twinning  process  may  be 
described  in  two  dimensions  with  no  loss  in  generality. 
Subsequent  to  cutting,  each  side  of  the  tensile  specimen 
was  wet  ground  successively  on  180,  240,  420,  and  600  grid 

carborundum  paper  to  remove  deformation  from  sawing  and  to 

« 

obtain  smooth,  parallel  faces.  Finally,  the  specimens 
were  etched  in  15-20  per  cent  HC1  to  remove  surface  deform- 
ation from  grinding.  This  was  followed  by  thorough  rins- 
ing in  running  water  and  rapid  drying  in  a warm  air  stream. 

Specimens  were  then  acid  machined  in  20  per  cent  HC1 
to  give  a reduced  gage  section.  This  was  done  by  first 
masking  off  the  specimen  ends  and  the  {1210}  faces  with 
Hnichrome  chemical  stop.  Next,  the  crystals  were  placed 
in  the  acid  machining  solution  and  agitated  gently  until 
the  desired  reduction  had  occurred;  then  they  were  rinsed 
and  dried.  By  this  technique,  the  basal  plane  surfaces 
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were  the  only  faces  reduced,  and  flat  {1210]  faces  were 
obtained  along  the  entire  specimen  length.  Upon  loading 
second-order,  {lOTlj  - {10l2]  twins  usually  appeared  in 
regions  of  high  stress  concentration.  For  this  reason 
the  fillets  separating  the  specimen  shoulder  from  the 
gage  length  were  areas  of  preferential  nucleation.  By 
masking  the  { 1210}  faces,  twins  which  formed  at  fillets 
could  still  be  observed  on  the  plane  of  shear  and  the 
crystallographic  nature  of  the  twins  readily  determined. 
The  acid  machining  procedure  resulted  in  some  non-uniform 
reduction  near  the  masked  {1210}  faces.  These  formed 
regions  of  stress  concentration  within  the  gage  length, 
and  second-order  twins  often  appeared  here  also.  The 
non-uniform  reduction  was  desirable,  since  the  primary 
purpose  of  the  experiments  was  to  study  second-order  twins 
and  not  the  stress-strain  behavior  of  the  material. 

Deformation  Experiments 

« 

Tensile  specimens  were  extended  at  room  temperature, 
at  a strain  rate  of  0.002  inches/inch/min . and  in  the  same 
apparatus  used  by  Reed-Hill  (94)  for  his  experiments. 
Slight  modifications  were  made  so  that  the  load  could  be 
applied  by  an  Instron  Tensile  Testing  Machine.  Second- 
order  twins  were  observed  shortly  after  yielding  in  the 
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regions  of  stress  concentration  described  above.  All  speci- 
mens that  were  extended  to  failure  fractured  at  second- 
order  twins  in  the  manner  described  by  Reed-Hill  and 
Robertson  (72).  Crystals  not  extended  to  failure  were  un- 
loaded rapidly  (20/inches/inch/min. ) after  being  deformed 
to  the  desired  strain.  If  they  were  unloaded  slowly,  frac- 
ture often  resulted  during  the  unloading  cycle,  indicating 
that  the  stress  to  internally  deform  second-order  twins  is 
less  than  that  needed  to  cause  their  nucleation. 

Observation  of  Deformed  Surfaces 

Deformed  surfaces  were  examined  with  a Leitz  polarized 
light  microscope.  Significant  features  of  second-order  twins 
were  recorded  and  areas  to  be  studied  by  electron  micro- 
scopy were  localized.  In  addition,  specimen  surfaces  were 
made  sensitive  to  polarized  light  by  an  etching  technique 
similar  to  that  of  Couling  and  Pearsall  (95).  This  per- 
mitted extinction  measurements  of  the  basal  plane  trace  to 
be  made,  and  the  orientation  of  twinned  volumes  deduced. 

Best  results  were  obtained  with  a modification  of  the  etch 

. i 

suggested  by  these  authors.  This  etching  solution  was 
10  parts  6 per  cent  picric  acid 

2 parts  distilled  ^0 

1 part  orthophosphoric  acid 
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With  this  etch,  sharper  extinctions  of  the  basal  plane 
trace  could  be  observed,  and  other  effects,  which  will 
be  discussed  later,  were  also  revealed. 

Electron  microscope  observations  were  made  with  a 
Phillips  Model  100A  using  the  cellulose  acetate,  carbon 
double  replica  technique.  This  type  of  replicating 
procedure  has  the  added  advantage  that  it  reveals  micro- 
scopic cracks  in  the  metal.  By  applying  a solution  of 
cellulose  acetate  dissolved  in  acetone  to  the  surface, 
cracks  may  be  reproduced  on  the  negative  replica.  When 
this  replica  is  shadowed,  much  more  metal  is  deposited 
on  the  portion  of  the  plastic  extracted  from  the  crack. 

In  the  electron  microscope,  these  cracks  appear  as  dark 
protrusions  on  the  positive,  carbon  replica. 

Because  of  the  lack  of  a stigmatizism  corrector  to 
compensate  for  non-uniform  magnetic  fields  in  the  micro- 
scope lenses,  an  inherent  distortion  was  present  in  the 
instrument.  Figure  23  is  an  electron  micrograph  0f  a 
replica  from  a diffraction  grating  which  illustrates  the 
nature  of  the  distortion.  For  this  reason  it  was  necess- 
ary to  take  certain  precautions  in  analyzing  the  electron 
micrographs.  By  making  all  angular  measurements  at  the 
same  point,  rather  than  comparing  orientations  in  different 
areas  of  the  micrographs,  this  error  is  minimized.* 
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Figure  23:  Electron  micrograph  of  a diffraction  grating 

which  illustrates  the  lens  distortion  in- 
herently present  in  the  Phillips  100A  elec- 
tron microscope.  The  grid  lines  and  scratches 
are  actually  straight.  5,500X 


EXPERIMENTAL  RESULTS 


General  Properties  of  Second-Order  Twins 

An  optical  photomicrograph  of  a typical  second-order, 

{lOllJ  - { 10T2I  twin  is  illustrated  in  Figure  24.  The 

problems  in  analyzing  these  twins  are  immediately  evident 

from  their  narrow  width  and  highly  deformed  structure. 

This  micrograph  also  indicates  the  56°  angle  between  the 

matrix  basal  plane  and  the  second-order  twin  boundary. 

In  addition,  it  is  noted  that  the  matrix  adjacent  to  the 

twin  appears  relatively  unrotated  and  strain  free  although 

exhibiting  some  basal  slip  lines.  The  detailed  structure 

of  these  twins  is  shown  most  convincingly  by  the  electron 

micrographs  in  Figures  25  and  26.  These  micrographs  also 

indicate  that  second-order  twins  occur  as  small,  individual 

lamellae.  This  is  consistant  with  the  earlier  optical 

microscope  observations  made  on  etched  surfaces  by  Reed- 

Hill  and  Robertson  (52).  Figures  25  and  26  also  illustrate 

o 

that,  although  the  lamellae  line  up  along  a habit  about  56 
from  the  matrix  basal  plane,  the  individual  lamellae  lie 
near  54°. 

From  the  present  experiments  added  proof  was  obtained 
that  these  bands  observed  at  56°  are  actually  £101 l]  - {1C12? 
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Figure  24:  Structure  of  a typical  llOTl}  - {10T2} 

as  viewed  in  the  optical  microscope. 


twin , 
910X 
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Figure  25:  Electron  micrograph  of  { 101 1}  - {10T2}  twin 

lamellae  near  the  front  of  a second-order 
twin  band.  The  structure  of  the  individual 
lamellae  may  be  observed,  since  in  this  re- 
gion the  internal  strain  of  the  twin  is 
small.  4.500X 
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Figure  26:  Second  example  of  the  lamellae  structure  of 

{1011}  - {1012}  twins  . 4.000X 
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twins.  This  was  desired  in  view  of  the  fact  that  no  accept- 
able theory  accounting  for  the  observed  habit  shift  in  terms 
of  these  twinning  modes  has  been  developed.  This  confirma- 
tion involved  observations  made  on  etched  surfaces  using 
the  electron  microscope  and  is  significant  because  the 
orientation  relationships  between  twin  and  matrix  may  be 
recorded  on  micrographs. 

The  etching  solution  previously  described  was  found 
to  produce  grooves  on  magnesium  surfaces  parallel  to  the 
basal  plane  trace.  The  electron  micrograph  in  Figure  27 
illustrates  this  for  the  case  of  {1012]  twinning.  A 
single  crystal  of  the  orientation  already  described  was 
bent  about  that  <1210>  direction  normal  to  the  specimen 
axis.  This  caused  nucleation  of  (1012)and  (1012)  twins 

on  the  compression  side  of  the  specimen.  The  complete 
crystallographic  nature  of  these  twins  is  revealed  by  the 
grooved  basal  traces  in  the  matrix  and  twin  which  make  an 
angle  of  86°  with  each  other.  In  addition,  this  etch  has 
a tendency  to  selectively  attack  areas  of  high  strain, 
since  the  twin  boundaries,  which  lie  close  to  43°,  are 
also  observed.  Pend  planes,  indicated  at  A and  B,  are  a 
third  crystallographic  feature  revealed  in  this  micrograph. 
These  lie  nearly  normal  to  the  matrix  basal  plane  and  are 
probably  associated  with  secondary  twin  accommodation  kink- 
ing, as  described  by  Moore  (62). 
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Figure  27:  The  lattice  geometry  of  {10121  twinning  as 

viewed  on  the  (l5l0)  crystal  surface  (the 
plane  of  shear),  A small_(l012)  twin  is  seen 
intersecting  a larger  (1012)  twin.  The  basal 
plane  trace  in  the  matrix  and  in  each  twin  is 
indicated  as  (0002)m  and  (0002)t.  respectively. 
5 , 000X 
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A twin  band  of  the  type  presently  under  investigation 
is  shown  in  Figure  28.  Here  the  etching  procedure  was  the 
same  as  above  except  that  the  etching  time  was  less.  This 
resulted  in  pits  parallel  to  the  basal  trace  rather  than 
grooves.  In  this  micrograph  three  different  pit  traces 
are  observed:  the  first  of  these  is  horizontal  and 

corresponds  to  the  matrix  basal  plane  trace,  the  second, 
at  an  angle  of  +124°,  occurs  in  the  region  of  the  twin 
tip,  and  the  third,  at  an  angle  of  —130°,  is  observed 
throughout  the  remaining  twin.  Also,  several  bend  planes 
are  faintly  visible  and  their  significance  will  be  mention- 
ed later.  The  orientation  of  these  traces  compare  favor- 
ably with  the  basal  plane  orientations  illustrated  sche- 
matically in  Figure  29  for  a second-order,  {1011]  - 110121 
twin  with  a primary  {1011]  tip.  In  addition,  the  small 
interface  in  Figure  28  between  the  primary  and  second-order 
twins  closely  corresponds  to  the  orientation  of  a £l 01 2 i 
plane  in  the  {101 1}  twin.  Thus,  with  the  possible  excep- 
tion of  the  second-order  twin  boundary  orientation,  the 
lattice  geometry  in  these  twinned  bands  may  be  completely 
described  by  the  {lOlli  - {10T2?  double  twinning  process. 

Internal  Deformation  of  {1011}  - U012/  Twins 

Figure  30  is  an  optical  photomicrograph  that  shows 
the  large,  total  deformation  which  often  accompanies 
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Figure  28: 


The  lattice  geometry  of  second-order,  {1011} 

- {1012}  twinning.  The  relative  lattice 
orientation  in  the  matrix  and  in  each  twinned 
region  is  revealed  by  pits  parallel  to  the 
basal  plane  trace.  7.000X 
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Figure  29:  The  lattice  geometry  predicted  to  re- 

sult from  {1011?  - {1012$  second-order 
twinning 
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Figure  30:  Composite  optical  micrograph  illustrating  the 

large  surface  offset  and  high  internal  shear 
strain  that  may  occur  in  (10111  - (10121  twins. 
200X 
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second-order  twinning.  Mote  the  pronounced  offset  of  the 
surface  at  the  specimen  edge  and  the  displacement  of  the 
dark  band  that  crosses  the  specimen  from  lower  left  to 
upper  right.  This  is  a polishing  fault  resulting  from  a 
small  amount  of  chemical  stop  that  flowed  onto  this  sur- 
face from  the  basal  plane  face  prior  to  electropolishing. 
The  shear  strain  in  the  twin  at  this  band  was  computed 
using  the  ratio  of  the  distance  of  displacement  of  the 
dark  band  to  the  width  of  the  twin  and  was  found  to  be 
700  per  cent.  An  electron  micrograph  of  a replica  from 
this  area  permitted  accurate  measurement  of  the  twin 
thickness . 

Figures  31  through  37  are  electron  micrographs 
illustrating  successive  stages  in  the  development  of  the 
deformation  in  and  around  a second-order  twin  band.  In 
the  initial  stages  of  deformation,  slip  traces  are  ob- 
served nearly  parallel  to  the  twin  boundary  (see  Figure 
31).  In  this  micrograph  the  region  between  two  adjacent 
twin  lamellae  also  shows  evidence  of  strain.  While  the 
flow  lines  within  the  lamellae  are  about  parallel  to  the 
boundaries  of  the  individual  twins  (54°  from  the  matrix 
basal  plane),  flow  may  also  be  seen  in  the  parent  lattice 
(point  A),  where  traces  are  oriented  nearly  parallel  to 
the  macroscopic  habit  at  56°.  Figure  32  shows  the 
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Figure  31:  The  initial  stages  of  deformation  in  a region  where  two 

Jl 0125  twin  lamellae  meet.  12.000X 
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Figure  32:  The  intense  shear  strain  where  two  twin 

lamellae  meet.  13.800X 
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Figure  33:'  The  interconnection  of  two  {1011}  - {1012} 
twin  lamellae.  Shear  traces  are  observed 
parallel  to  both  the  habit  of  the  individual 
lamellae  and  to  the  macroscopic  twin  habit. 
14.000X 
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Figure  34: 


A more  advanced  stage  of  the  internal  deforma- 
tion of  a UOllt  - {1012$  twin.  10.400X 
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Figure  35:  An  example  of  the  intense  lattice  strainwhich  may  occur  when  two 

lamellae  meet  in  a region  of  pronounced  internal  deformation. 

10  t400X 
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Figure  36:  The  flow  and  cracking  along  a {1011}  - {1012}  twin  band  after 

extensive  internal  shear  has  occurred.  10.400X 
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Figure  37  : 


Example  of  the  deformed  structure  in  a region 
of  intense  strain.  10.400X 
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structure  a little  further  from  the  tip  of  the  twin  band. 
Here  the  traces  within  the  twin  are  more  pronounced,  and 
the  region  where  the  two  lamellae  join  has  an  appearance 
of  having  been  subjected  to  very  intense  flow.  Note  that 
the  flow  lines  within  these  lamellae  are  still  almost 
parallel  to  its  boundaries.  However,  because  the  indivi- 
dual lamellae  are  not  directly  aligned  with  each  other 
(Figures  25  and  26) , some  of  this  shear  passed  into  the 
matrix.  This  is  evidenced  at  the  lower  tip  of  one  lamella 
(point  A)  by  the  flow  which  extends  into  the  parent 
lattice,  and  at  the  upper  tip  of  the  other  (point  B) 
through  matrix  basal  slip*  Figure  33  is  a second  example 
which  shows  this  type  of  deformation  more  clearly. 

Figure  34  represents  another  more  advanced  stage 
where  the  individual  twin  lamellae  are  no  longer  recog- 
nizable. This  probably  resulted  from  the  extensive  deform- 
ation that  caused  the  surface  relief  to  flow  together. 

The  structure  at  point  A corresponds  to  what  was  probably 
at  one  time  the  tip  of  a lamella. 

The  black  areas  in  Figure  34  are  cracks  that  opened 
along  the  second-order  boundary.  Their  formation  permitted 
stresses  to  be  relieved  in  the  regions  near  the  voids.  The 
strain  is  still  greater  in  Figure  35,  which  shows  another 
region  where  two  lamellae  meet.  Note  that  on  the  upper 
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side  of  the  twin,  flow  is  observed  in  the  matrix  parallel 
to  the  twin  boundary.  The  appearance  of  this  deformation 
is  much  the  same  as  that  which  occurred  within  the  twin 
at  an  earlier  stage  of  the  deformation  (Figure  31).  Also, 
on  the  opposite  side  of  the  twin  is  a region  where  cross- 
slip has  occurred  involving  the  basal  plane  and  a prism 
plane.  The  shear  strain  in  a region  adjacent  to  this  was 
calculated  to  be  about  500  per  cent  from  the  relative 
displacement  of  the  two  halves  of  a corrosion  pit  inter- 
sected by  the  twin.  The  deformation  within  the  twin 
lamellae  does  not  show  the  intense  distortion  character- 
istic of  regions  such  as  those  where  lamellae  inter- 
connect. This  is  illustrated  in  Figures  36  and  37,  where 
many  flow  lines  nearly  parallel  to  the  twin  boundary  are 
observed.  The  shear  in  these  regions  is  also  about  500 
per  cent.  Except  for  the  cracks  which  are  present,  these 
regions  do  not  indicate  much  more  strain  than  was  observed 
at  a much  earlier  stage  of  the  deformation. 

In  the  preceding  micrographs,  the  internal  deformation 
of  the  twins  occurred  by  a shearing  action  that  appeared  to 
be  distributed  uniformly  across  a twin  cross  section.  How- 
ever, deformation  of  a second  type  was  also  noted,  as  shown 
in  the  electron  micrographs  in  Figures  38  and  39.  Here  the 
specimen  surface  from  which  this  replica  was  obtained  was 
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Figure  38: 


First  example  of  discontinuous  shear  along  a 
second-order,  tlOlll  - (10121  twin.  16.500X 
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Figure  39: 


Second  example  of  discontinuous  shear  along 
a second-order,  $1011}  - $1012}  twin.  17.000X 
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rinsed  and  dried  in  such  a manner  that  a high  density  of 
corrosion  pits  resulted.  These  can  be  used  to  advantage 
in  analyzing  the  deformation  in  the  twins,  since  these 

i 

spots  are  sometimes  aligned  preferentially  along  the 
original  basal  plane  trace,  as  may  be  observed  at  A and  B 
in  Figures  38  and  39. 

By  noting  the  deflection  of  these  traces  as  they  pass 
through  a doubly  twinned  region,  the  shear  distribution 
within  the  twins  may  be  determined. 

Both  of  these  micrographs  indicate  that  the  shear 
deformation  of  second-order  twins  does  not  necessarily 
occur  uniformly.  Sharp  discontinuities  of  the  basal  plane 
trace  were  observed  at  points  C and  D.  Although  it  appears 
that  this  offset  occurred  at  the  second-order  twin  boundary, 
this  cannot  be  stated  conclusively  because  of  the  highly 
deformed  state  of  this  twin.  It  is  quite  possible  that 
discontinuities  of  this  type  were  also  present  in  the  micro- 
graphs in  Figures  31  through  37  but  were  not  recognizable 
since  the  basal  pl&ne  trace  could  not  be  followed  through 
the  twin. 

Shear  Accommodation  Kinking 

Figures  40  and  41  are  two  optical  photomicrographs  of 
kinks  that  often  occur  in  the  matrix  adjacent  to  second- 
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Figure  40:  The  structure  of  a ilOllJ  - {10l2$  twin  and 

its  shear  accommodation  kink.  The  twin  is  on 
the  upper  side  of  the  band,  while  the  kink, 
revealed  by  the  deflected  basal  slip  traces, 
is  on  the  lower.  900X 
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Figure  41:  Second  example  of  the  appearance  of  shear 

accommodation  kinks  adjacent  to  second-order, 
{1011}  - {1012}  twins  . 545X 
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order,  { 101 1 | - (1012}  twins.  In  the  first  of  these  the 
internal  twin  shear  deformation  is  indicated  by  the  offset 
of  the  superficial  surface  marking  in  the  upper  right-hand 
corner.  The  second  micrograph  indicates  that  these  kinks 
may  occur  either  on  one  or  both  sides  of  the  twin.  Extinc- 
tion measurements  made  in  these  regions,  using  a polarized 
light  microscope,  revealed  that  the  basal  plane  trace  was 
parallel  to  the  deflected  slip  traces  observed  in  these 
micrographs.  This  confirmed  that  these  areas  are  actually 
kinks  and  not  some  form  of  twinning.  Figure  42  is  an 
electron  micrograph  of  the  area  in  Figure  40  where  the  small, 
second-order  twin  intersected  the  kink.  Here  pits  may  be 
observed  along  the  bend  plane  trace  that  possibly  indicate 
the  dislocation  structure  of  this  boundary. 

It  was  commonly  observed  that  the  inclination  of  the 
bend  plane,  relative  to  the  matrix  basal  plane  trace,  was 
slightly  greater  than  that  of  the  second-order  twin- band. 

The  electron  micrograph  in  Figure  43  illustrates  that 
these  kinks  remain  adjacent  to  the  second-order  twin,  even 
when  the  kink  and  twin  boundaries  are  not  parallel.  This 
occurs  by  the  formation  of  steps  on  the  bend  plane.  The 
nature  of  these  steps  was  analyzed  with  the  aid. of  the 
micrograph  in  Figure  44,  showing  the  deflected  slip  traces 
in  greater  detail.  A corresponding  schematic  illustration 
is  given  in  Figure  45  which  indicates  the  bend  plane 
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Figure  42:  Fle£tron  micrograph  of  a second-order,  {1011} 

{1012}  twin  and  a shear  accommodation  kink  . 
6.000X 
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Figure  43: 


Electron  micrograph  illustrating  that  shear 
accommodation  kinks  remain  adjacent  to  second- 
order  twins  by  formation  of  steps  along  the 
bend  plane.  4.000X 
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Figure  44: 


Example  of 
bend  plane 


3.500X 


steps  which  may  form  along  the 
of  shear  accommodation  kinks  . 
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Shear  Accommodation  Kink 


Figure  45:  Schematic  illustration  of  the  structure  of 

the  shear  accommodation  kink  in  Figure  44 
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structure.  A third  example  is  shown  in  Figure  46,  where 
the  misorientat ion  of  one  kink  decreases  as  it  goes  into 
the  matrix  away  from  the  twin,  while  a second  kink  has 
been  formed  in  the  immediate  area  of  the  twin. 

Figure  47  shows  what  is  believed  to  be  a small  shear 
accommodation  kink  in  an  initial  stage  of  its  formation. 

The  bend  plane  which  surrounds  the  misoriented  region  is 
curved,  indicating  that  the  dislocation  loops  are  in  an 
initial  phase  of  their  expansion.  This  is  the  only  case 
known  where  a kink  has  been  observed  as  a circular  unit, 
although  Frank  and  Stroh  (96)  have  referred  to  this  type 
of  structure  in  their  theoretical  discussion  of  kink 
nucleation. 

Internal  Deformation  of  Shear  Accommodation  Kinks 

The  optical  micrograph  in  Figure  48  shows  that  deform- 
ation may  also  occur  within  shear  accommodation  kinks.  This 
is  revealed  by  the  flow-lines  nearly  parallel  to  the  second- 
order  twin  boundary  and  the  kink  bend  plane.  An  electron 
micrograph  of  the  twin  on  the  left  is  shown  in  Figure  49. 
From  this  the  relative  amounts  of  shear  deformation  in 
adjacent  regions  of  the  twin  band  may  be  determined  from 
the  deflection  of  the  rows  of  corrosion  spots*  that  follow 
the  original  basal  plane  trace.  These  indicate  that  the 
internal  shear  of  the  actual  twinned  region  which  is  in 
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Figure  46:  Example  of  how  shear_accommodat ion  kinks  re 

main  adjacent  to  { 101 1 j - {10l23-  twins. 
2.800X 
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Figure  47:  Small  shear  accommodation  kink  in  the  initial 

stages  of  its  formation.  The  deformed  struc- 
ture above  the  kink  is  a {1011}  - { 1 0T2i  twin. 
22.000X 
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Figure  48:  Example  of  the  deformation  which  may  occur 

within  shear  accommodation  kinks.  545X 
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Figure  49:  Electron  micrograph  illustrating  the  distri- 

bution of  shear  strain  within  a Udlj  - {l012j 
twin  and  its  shear  accommodation  kink.  9,000X 
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the  lower  portion  of  this  micrograph,  is  large  (note 
the  discontinuity  between  points  A and  A’).  The  twinned 
• area  appears  to  end  near  point  B.  From  here  the  shear  has 
been  extended  into  the  lattice  by  a shear  accommodation 
kink  and  by  deformation  within  this  kink.  It  is  from  the 
tip  of  the  twin  (point  B)  that  the  intense  strain  has 
passed  from  the  twin  to  the  kink.  This  occurred  along 
the  trace  indicated  at  point  C which  separates  the  strain- 
ed and  unstrained  regions  of  the  kink.  This  observation 
is  in  good  agreement  with  the  original  hypothesis  of 
Reed-Hill  (52),  that  these  kinks  accommodate  non-uniform 
strains  along  the  second-order  twin.  In  this  case,  how- 
ever, the  internal  deformation  of  the  kink  has  also  con- 
tributed to  the  accommodation. 

A second  example  which  illustrates  how  shear  is  passed 
from  twin  to  kink  is  observed  in  Figure  50«  At  the  upper 
position  of  this  micrograph  a flow  line  extends  from  the 
tip  of  a twin  lamellae  down  across  the  kinked  region. 

As  in  the  previous  case,  it  is  difficult  to  deduce  the 
crystallographic  significance  of  this  trace  since  it  is 
wavy  and  appears  to  have  no  direct  relationship  to  the 
crystal  orientation.  The  severe  strain  along  this  trace 
is  indicated  by  the  cracks  near  the  twin  tip  (point  A). 
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Figure  50:  An_example  of  how  shear  strain  from  a {10Tl} 

{1012}  twin  is  passed  into  and  accommodated 
within  a shear  accommodation  kink.  3.000X 
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On  the  opposite  side  of  the  kink  this  trace  becomes  straight 
and  appears  to  be  the  same  as  the  other  deformation  traces 
which  were  observed. 

In  addition,  it  was  noted  that  significant  offsets  may 
occur  along  the  flow  lines  within  these  kinks.  This  is 
indicated  in  Figures  51  and  52  where  two  halves  of  the 
crystal  have  been  displaced  along  one  of  these  traces. 
Figure  53  is  another  example,  which  indicates  the  severity 
of  the  strain  associated  with  the  internal  deformation  in 
the  kinks.  Here,  the  basal  plane  trace  has  been  bent  sharp- 
ly in  the  vicinity  of  the  bend  plane. 

Fracture 

It  is  thought  that  the  fractures  which  occur  at  {lOTlJ 
- {1012}  twins  begin  by  the  formation  of  small  voids  at  a 
second-order  twin  boundary.  One  example  is  observed  at 
point  B in  Figure  31.  This  indicates  that  the  initial 
stages  of  fracture  occur  when  the  overall  strain  within 
the  twin  is  still  relatively  small.  Another  example  of 
voids  is  given  in  Figure  54,  where  they  may  be  observed 
along  a considerable  length  of  the  upper  twin  boundary. 
Micrographs  illustrating  cracks  along  second-order  twin 
boundaries  have  already  been  given  in  Figures  34  through 
37.  That  these  areas  correspond  to  cracks  in  the  metal 
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Figure  51:  Example  one  of  shear  offset  along  a deformation 

trace  within  a shear  accommodation  kink  . 

20.000X 
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Figure  52:  Fxample  two  of  shear  offset  along  a deformation 

trace  within  a shear  accommodation  kink.  20.000X 
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Figure  53:  Example  of  the  large  internal  shear  which  may 

occur  within  shear  accommodation  kinks. 

5.000X 
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Figure  54:  An  example  of  how  voids  may  open  up  along  a 

(1011?  - {1012}  twin.  This  replica  was  taken 
from  the  surface  of  a pclycrystalline  magnesium 
specimen  strained  2.5  per  cent  at  25°C. and  a 
strain  rate  of  0.002  inches/inch/min.  13.500X 
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surface  is  revealed  by  shadows  extending  from  the  black 
protrusions  as  are  visible  in  Figure  46.  In  analyzing 
these  cracks  it  must  be  remembered  that  the  shape  of  the 
protrusions  does  not  necessarily  correspond  to  the  actual 
crack  shape.  If  the  cellulose  acetate  deposited  into  the 
internal  voids  was  extracted  cleanly  from  the  crack  sur- 
faces, then  a true  indication  of  the  crack  geometry  would 
be  given.  However,  it  seems  more  probable  that  the  nega- 
tive replicas  were  separated  from  the  internal  crack  sur- 
faces in  such  a manner  that  not  all  of  the  plastic  was  removed. 
However,  the  protrusions  are  positive  indication  of  the 
existence  of  cracks.  While  it  may  not  be  possible  to  see 
all  of  the  fissures  on  the  replicas,  it  is  believed  that 
most  of  them  are  revealed.  An  optical  micrograph  of  an 
edge  view  of  some  typical  fractures  is  shown  in  Figure  55. 
Here  a number  of  cracks  have  opened  up  along  {1011}  - i 1012 1 
twins  which  were  nucleated  at  the  specimen  edge.  This  is 
consistent  with  the  electron  micrographs  in  Figures  34 
through  37,  where  cracks  were  also  observed  at  the  second- 
order  twin  boundary. 

Figure  56  is  a low  magnification,  optical  photo- 
micrograph of  a fracture  surface.  The  relative  shear 
direction  for  the  metal  below  this  surface  is  shown.  The 
fracture  is  characterized  by  striations  parallel  to  the 
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Figure  55:  Optical  micrograph  illustrating  how  cracks  may 

open  up  along  the  macroscopic  habit  plane  of 
U011)  - {1012}  twins.  (Courtesy  of  R.E. 
Reed-Hill) 
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Fiqure  56:  Structure  of  the  f racture_surf ace  which  results 

from  cracking  along  a {1011}  - 11012}  twin.  28X 


103 


trace  of  the  basal  plane  on  this  surface  and  perpendicular 
to  the  direction  of  the  resolved  shear,  typical  electron 
micrographs  of  this  fracture  surface  are  shown  in  Figures 
57  and  58.  The  shear  direction  and  the  basal  plane  trace 
are  shown.  These  micrographs  indicate  that  the  structure 
of  the  fracture  surface  may  vary  greatly  from  one  region 
to  another. 
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Figure  57 : 


Band  structure  of  the  fracture  surface  as  ob 
served  in  the  electron  microscope.  3,000X 
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Figure  58: 


Dimple  structure  of  the  fracture  surface  as 
observed  in  the  electron  microscope.  3.000X 


DISCUSSION,  PART  I:  MECHANISM  FOR  THE  SECOND-  ' 

ORDER,  <1011]  - {1012]  TWIN  HABIT  SHIFT 

Crocker  (83)  has  attempted  to  explain  in  some  detail 
the  habit  shift  phenomenon  associated  with  second-order, 
{lOTl}  and  <10T3}  twins  in  magnesium.  He  considered  two 
general  mechanisms  by  which  a second-order  twin  may  form. 

The  first  of  these  assumed  that  the  primary  twin  was 
fully  developed  before  the  second-order  twin  was  nucleated. 
The  effect  that  the  shear  of  this  second  twin  had  on  the 
orientation  of  the  primary  twin  boundary  was  then  considered. 
Crocker  concluded  that  if  the  second  twinning  shear  was 
accommodated  wholly  within  the  twinned  volume,  the  macro- 
scopic habit  of  the  double  twin  should  be  the  same  as  that 
of  the  primary  twin.  However,  if  the  accommodation  occurred 
completely  in  the  matrix,  then  the  boundary  should  be 
rotated  from  its  original  inclination  by  an  amount  deter- 
mined by  the  relative  orientations  of  the  primary  and 
second-order  shear  directions,  as  well  as  by  the  magnitude 
of  the  second  shear.  Upon  applying  the  latter  to  the  {lOllj 
- {I0I2]  double  twinning  mode  observed  by  Reed-Hill  (53) 
Crocker  predicted  that  the  habit  inclination  should  in- 
crease from  61°54‘)  (the  coherent,  {lOTl]  twin  orientation) 
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to  62°38*.  It  was  also  noted  that  the  double  twin  orienta- 
tion might  lie  anywhere  between  these  two  limiting  values, 
depending  upon  the  relative  fraction  of  the  accommodation 
that  occurred  in  the  twin  and  matrix  respectively.  However, 
this  predicted  range  of  angles  for  the  habit  plane  did 
not  agree  with  the  56°  inclination  of  the  {lOTli  - Uol2] 
twins  observed  by  Reed-Hill.  Crocker,  therefore,  con- 
sidered an  alternative  explanation.  The  primary  assumption 
of  this  second  approach  was  that  the  total  shape  deformation 
could  be  described  as  an  invariant  plane  strain  and  that 
the  resulting  double  twin  boundary  was  macroscopically 
unstrained.  In  this  manner  no  accommodating  deformation 
of  the  parent  or  product  structure  need  occur.  The  growth 
mechanism  on  which  this  theory  was  based  assumed  that  a 
primary  twin  nucleus  retwinned  on  the  second-order  system 
at  an  early  stage  of  the  process,  and  the  twin  propagated 
after  this  under  the  combined  action  of  two  shears.  This 
is  interpreted  as  meaning  that  the  atoms  shear  directly 
to  the  second-order  twin  lattice  sites.  For  the  case  of 
second-order,  {lOTlJ  - {1012$  twinning  in  magnesium,  this 
theory  predicted  a resultant  habit  plane  inclined  7C°48i 
from  the  matrix  basal  plane.  However,  by  assumming  that 
varying  amounts  of  accommodation  occur  in  the  parent 
lattice,  it  was  noted  that  a habit  anywhere  between  70°48» 
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and  62°38!  could  result.  In  discussing  the  fact  that  the 
predicted  7C°48*  habit  does  not  agree  with  that  observed  by 
Reed-Hill,  Crocker  concluded, 

The  only  possible  explanation  of  this  dis- 
crepancy appears  to  be  that  the  {1011}  : 

{1012}  mechanism  suggested  by  Reed-Hill  (53) 
is  not  operative  in  the  formation  of  these 
{3034}  bands....  In  view  of  the  importance 
of  these  bands ...  further  experimental  work 
on  this  topic  is  clearly  desirable. 

A major  goal  of  the  present  research  has  been  to  re- 
examine these  twin  bands,  and  as  a result  the  original 
experimental  measurements  (53)  have  been  confirmed.  Evi- 
dence was  presented  on  page  64  that  the  orientation  of  the 
basal  plane  trace  in  both  the  primary  and  double  twin 
regions  is  in  good  agreement  with  that  predicted  theoretic- 
ally to  result  from  the  llOlli  - {1012}  , double  twinning 
mechanism.  Also,  the  small  interface  separating  the  pri- 
mary and  second-order  twin  orientations  closely  corresponds 
to  a {I0l2}  plane  in  the  {loll}  twin  lattice.  The  inclina- 
tion of  the  second-order  twin  boundary  relative  to  that  of 
the  primary  {lOll}  twin  indicates  that  the  habit  shift 
occurs  from  the  coherent,  {loll}  twin  boundary  orientation 
61054'  from  the  matrix  basal  plane  to  approximately  56°. 

All  of  these  observations  are  in  good  agreement  with  those 
made  originally  by  Reed-Hill  (53).  In  addition,  the  fact 
that  most  of  the  second-order  twin  bands  observed  in  the 
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present  research  have  primary  { 1011}  twins  at  the  ,ends 
where  they  are  growing  (Figure  28)  indicates  that  these 
twins  probably  do  not  propogate  by  the  simultaneous  action 
of  two  twinning  shears.  The  existence  of  these  primary 
tips  implies  that  the  resultant  second-order  twin  boundary 
is  not  macroscopically  unstrained,  as  assumed  by  Crocker's 
second  mechanism,  since  the  shear  of  the  second  twinning 
mode  must  intersect  the  boundary  established  by  the  first. 
Further  discussion  of  this  will  be  given  later  in  this 
section,  and  evidence  will  be  introduced  that  the  present 
boundaries  are  actually  strained. 

The  fact  that  no  existing  theory  satisfactorily 
accounts  for  the  habit  shift  of  these  twins  strongly 
suggest  that  the  nature  of  the  second-order  twinning  pro- 
cess should  be  carefully  reconsidered.  An  analysis  of 
the  second-order  twins  observed  in  the  present  research  has 
disclosed  five  basic  conditions  which  any  mechanism  ade- 
quately explaining  the  habit  shift  must  satisfy.  They  are: 

1)  The  proposed  mechanism  must  explain  the  rotation 
of  the  twin  boundary  from  the  primary  orientation 
61°54’  from  the  matrix  basal  plane  to  the  second- 
order  orientation  at  56°. 

2)  The  mechanism  must  account  for  accommodation  of 
the  second-order  twinning  shear. 


no 


3)  The  deformation  associated  with  the  accommodation 
in  2)  must  leave  the  matrix  lattice  unrotated  (see 
Figures  25  and  26) . 

4)  When  the  shear  of  a second-order  twin  intersects 
a primary  twin  boundary,  the  area  of  this  bound- 
ary is  normally  changed.  Such  a change  has  to 

be  accommodated  on  both  the  twin  and  matrix  sides 
of  the  boundary. 

5)  The  deformation  which  results  from  the  proposed 
mechanism  must  be  consistent  with  an  applied 
tensile  stress  parallel  to  the  basal  plane  of  the 
original  crystal. 

Consideration  of  these  five  conditions  indicates  that 
1),  3),  and  5)  are  self  explanatory  and  do  not  need  further 
discussion.  The  significance  of  the  remaining  two,  how- 
ever, is  not  immediately  evident,  and  it  is  necessary  to 
elaborate  further  on  their  relation  to  the  present  research. 
Concerning  the  second  condition,  it  may  be  reasoned  that  a 
volume  which  has  undergone  simple  shear  can  exist  entirely 
within  a crystal  without  disrupting  lattice  continuity 
only  if  the  regions  surrounding  it  are  premitted  to  deform. 
This  is  evidenced  by  Figures  9,  10,  and  11,  where  accommo- 
dating deformation  may  be  observed  in  each  case  in  the 
grain  ahead  of  a twin  that  ends  at  a grain  boundary,, 
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It  may  be  reasoned  that  there  is  no  basic  physical  dif- 
ference  between  normal  grain  boundaries  and  the  bound- 
aries separating  a second-order  twin  from  the  matrix0 
Because  of  this,  deformation  similar  to  that  noted  above 
may  possibly  occur  in  the  matrix  where  a second-order  twin 
intersects  the  primary  twin  boundaryc  The  photomicrograph 
in  Figure  59  of  another  deformed  zirconium  specimen  is 
direct  evidence  of  this.  Here  small,  second-order,  {10l2] 
twins  are  observed  within  two  larger  {1122]  twins.  As  a 
result  of  the  { 1012]  twinning  shear,  kinks  have  formed 
in  the  matrix  from  the  point  where  the  second-order  twins 
intersected  the  {1122}  boundary.  In  addition,  Burrier, 
Amateau,  and  Steigerwald  (97)  have  observed  that  in 
titanium  deformed  at  temperatures  below  about  -250°F. 
cracks  open  up  at  the  interface  between  the  matrix  and 
second-order,  {1012]  twins  within  primary  {1122]  twins. 
These  cracks  are  probably  the  result  of  a decreasing 
ability  of  the  matrix  to  slip  with  decreasing  temperature. 
Fracture  at  second-order  twin  boundaries  is  thus  the 
natural  result  of  an  inability  of  the  matrix  to  accommodate 
the  second-order  twinning  shear.  It  is  also  very  signi- 
ficant that  these  cracks  formed  on  surfaces  that  are  not 
normally  cleavage  planes.  This  implies  that  the  driving 
force  for  strain  accomrrtodation  is  very  large  and,  that  at 
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Figure  59:  Matrix  accommodating  deformation  in  the  form 

of  kinks  resulting  from  the  shear  of  second- 
order,  {1012]  twins  in  zirconium  Specimen 
prestrained  3 per  cent  by  cold  rolling  at  77°K. 
then  strained  23  per  cent  in  tension  and  a 
rate  of  0.02  inches/ inch/min.  (Courtesy  of 
R.E.  Reed-Hill).  1.000X 
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least  in  this  case  accomrrodation  of  a twinning  shear  inside 
a twin,  as  proposed  by  Crocker  in  his  first  example,  does 
not  occur  naturally. 

These  examples  all  imply  that  some  form  of  matrix  de- 
formation should  result  from  the  second-order,  11012} 
twinning  shear  in  magnesium.  Direct  evidence  that  the 
surrounding  lattice  does  deform  in  conjunction  with  this 
shear  is  given  in  Figure  28.  Here  bending  has  occurred 
within  that  part  of  the  primary,  {1011}  twin  tip  adjacent 
to  the  second-order  twin.  The  schematic  illustration  of 
this  in  Figure  60  shows  that  this  bending  is  of  the  correct 

sense  to  be  explained  in  terms  of  accommodation  of  the 

o 

second  twinning  shear.  Also,  the  fact  that  the  56  habit 
is  only  observed  at  the  second-order  twin  boundary  and  not 
at  the  primary  tips  is  in  good  agreement  with  the  assump- 
tion that  the  habit  shift  results  directly  from  the  second- 
order  twinning  shear. 

The  micrographs  in  Figures  9,  10,  11,  and  59  also 
illustrate  that  a shear  strain,  in  general,  changes  the 
area  of  a boundary  it  intersects.  Figure  61  illystrates 
schematically  how  the  area  of  a i 1 0 1 1 } twin  boundary 
should  increase  as  a result  of  the  second-order,  Jl0T2l 
twinning  shear.  Condition  4)  follows  directly  from 
this  since  the  area  increase  must  be  consistent  with  the 
amount  of  accommodating  deformation  in  the  matrix. 
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Figure  60:  Schematic  illustration  of  Figure  28  showing 

the_lattice  bending  induced  into  a primary 
{1011}  twin  tip  by  the  second-order,  {10l2i 
twinning  shear 
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Figure  61:  Schematic  illustration  of  how  the  second-order, 

11012]  twinning  shear_increases  the  boundary 
area  of  primary,  {1011]  twins  a)  twin  geo- 
metry before  second-order  twinning,  and  b) 
after  second-order  twinning 
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Models  for  Accommodation  of  the  Second-Order  Twinning  Shear 

It  is  thought  that  the  habit  shift  of  {lOTlj  - {loT2j 
twins  results  from  matrix  accommodation  of  the  second- 
order  twinning  shear.  For  this  reason  several  possible 
mechanisms  by  which  this  shear  may  be  accommodated  will 
be  considered.  Initially  only  simple  models  involving 
basic  principles  will  be  discussed;  then  the  conclusions 
reached  from  these  will  be  applied  to  the  more  general 
case.  These  first  models  will  be  based  on  the  assumption 
that  a single  {1011}  twin  forms  and  traverses  a single 
crystal.  This  twin  is  then  permitted  to  retwin  on  the 
second-order,  {1012}  plane.  The  fact  that  first-order 
twins  are  normally  observed  at  the  ends  of  the  double  twin 
regions  is  in  general  agreement  with  this.  These  models 
will  be  discussed  critically  according  to  the  five  condi- 
tions proposed  above. 

Accommodation  by  kinking  - From  the  examples  of  the 
interaction  of  a twinning  shear  with  a boundary,  it  was 
noted  that  accommodation  may  occur  by  formation  of  a kink 
on  a plane  approximately  normal  to  the  twinning  shear  dir- 
ection (Figures  9 and  59).  The  relative  orientations  of 
the  second-order,  {1012]  twin  and  matrix  lattice  in  the 
present  case  are  almost  ideal  for  accommodation  through 
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the  formation  of  a basal  kink  band,  since  the  matrix  basal 
plane  is  almost  perpendicular  (80o39, ) to  the  second-order 
shear  direction.  The  resulting  geometrical  relationship 
between  the  matrix  and  twin  is  shown  schematically  in 
Figure  62.  The  second-order  twinning  shear  direction  is 
only  19  45*  from  the  primary  twin  boundary  orientation. 

The  magnitude  of  this  shear  is  calculated  to  be  0.129  from 
the  two  orientations  of  the  second  undistorted  plane, 
in  Figure  63.  As  a result  this  second  twinning  shear 
only  reorients  the  boundary  by  40'  from  its  initial  posi- 
tion in  space,  as  deduced  from  the  geometry  in  Figure  64. 

At  the  same  time,  however,  a matrix  lattice  plane  which  is 
across  the  twin  boundary  and  oriented  parallel  to  the 
initial  position  of  the  second  undistorted  plane,  1<2 , of 
the  second  twinning  mode,  must  be  rotated  by  the  full 
amount  of  the  twinning  shear  rotation.  From  Figure  62 
this  rotation  is  calculated  to  be  7°24’.  As  a result  of 
the  relative  differences  in  rotation  of  the  matrix  lattice 
and  second-order  twin  habit,  the  angle  between  the  basal 
plane  in  the  kink  and  the  second-order  twin  boundary  be- 
comes 55°10! , which  is  close  to  the  experimentally  observed 
inclination  of  these  twins.  However,  the  kinking  operation 
indicated  here  does  not  conform  to  conditions  3)  and  5)  on 
page  11C,  that  the  habit  shift  mechanism  must  satisfy. 
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Accommodation  of  the  second-order 
twinning  shear  by  kinking  on  the 
basal  plane 


, (1012) 
matrix 


Figure  62: 
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Twinning  Shear,  S = 0,129 


S 


Figure  63:  Lattice  geometry  of  {1012?  twinning  in  mag- 

nesium in  terms  of  the  orientation  of  the 
first  undistorted  plane.  , and  second 
distorted  plane,  !<2 
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Figure  64:  Effect  of  the  second-order,  {1012}  twinning 

shear  on  the  orientation  of  a primary,  {1011} 
twin  boundary 
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The  schematic  illustration  of  this  deformation  in  Figure 
62  indicates  that  a 7°24 11  rotation  of  the  lattice  adjacent 
to  the  twin  is  involved.  As  illustrated  by  the  micrographs 
of  {loll}  - }l0l2}  twins  (Figures  24,  25,  and  26),  no 
rotation  of  this  magnitude  has  been  observed.  Also,  the 
dislocation  arrangement  of  the  kink  in  Figure  62  is  simi- 

V 

lar  to  that  of  the  compressive  kink  bands  studied  by  Hess 
and  Barrett  (21)  (see  Figure  65).  As  shown  by  Figure  66, 
tensile  deformation  of  a single  crystal  by  a simple  slip 
process  normally  rotates  the  active  slip  plane  toward 
the  stress  axis,  whereas,  the  kink  band  indicated  in  the 
present  case  rotates  the  active  slip  plane  away  from  this 
axis.  Formation  of  a dislocation  structure  which  does  not 
relax  the  applied  stress  is  normally  unacceptable.  Unless 
other  deformation  processes,  which  have  not  thus  far  been 
identified,  occur  to  relieve  this  contractive  strain, 
these  kinks  should  not  form. 

It  is  interesting  to  note  that  part  of  the  mechanism 
described  here  is  equivalent  to  the  first  mechanism  of 
double  twin  growth  that  Crocker  (83)  considered.  In  both 
cases,  the  second-order  twinning  shear  was  predicted  to 
have  the  same  effect  on  the  primary  boundary  orientation. 
However,  Crocker  gave  no  consideration  as  to  how  the  shear 
could  be  accommodated  in  the  matrix.  At  any  rate  this  type 
of  accommodation  is  apparently  not  feasible. 
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Figure  65:  Schematic  illustration  of  successive  stages  of 

the  compressive  deformation  of  a single  cry- 
stal by  kinking  (after  Hess  and  Barrett  (21)) 
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Figure  66:  Deformation  of  a single  crystal  tensile  speci- 

men with  end  constraints  by  slip  on  a single 
system  . In  a)  the  specimen  is  viewed  before 
straining  and  in  b).  after  straining.  Note 
that  as  a result  of  slip,  the  active  slip  plane 
is  rotated  toward  the  tensile  axis.  The  slip 
plane  in  the  specimen  ends  has  been  assumed  to 
bend  in  the  manner  observed  by  Miller  (35) 
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Accommodation  by  simple  slip  - It  was  shown  in  Figure 
11  that,  when  the  shear  of  a twin  intersects  a boundary, 
this  shear  may  be  accommodated  by  slip  on  a plane  nearly 
parallel  to  the  twinning  plane  and  whose  slip  direction 
is  approximately  colinear  with  the  second-order  twinning 
shear  direction.  For  the  present  case  of  {lollj  - {1012} 
twinning,  the  second-order  shear  direction  is  almost  ideal- 
ly oriented  to  induce  glide  on  a {IOIO}  prism  plane  in  the 
c axis  direction.  However,  while  dislocations  with  a "c" 
Burgers  vector  are  known  to  exist  (14),  they  have  never 
been  observed  to  glide;  so  it  may  be  concluded  that  slip 
on  such  a system  is  doubtful. 

Accommodation  by  dislocation  climb  - Dislocation  climb 
is  a third  general  mechanism  by  which  the  orientation  of 
an  intercrystalline  boundary  may  be  changed.  Figure  67 
illustrates  that  introduction  of  an  array  of  extra  half 
planes  into  the  lattice,  both  above  and  below  the  twin, 
lowers  the  inclination  of  the  boundary  with  respect  to  the 
basal  plane.  These  half  planes  correspond  to  positive  edge 
dislocations  above  the  twin  and  negative  edge  dislocations 
below.  Since  dislocations  of  one  sign  cannot  be  created 
mechanically  (page  8),  this  implies  the  existence  of  a 
vacancy  or  interstitial  mechanism.  However,  it  is  doubtful 
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Figure  67:  The  effect  of  dislocation  climb  on  the  incli- 

nation of  a twin  relative  to  the  matrix 
lattice  orientation.  The  initial  twin  is  shown 
ln, a ) inclined  at  angle  while  in  b)  the 

twin  inclination  has  been  reduced  to  °( 
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that  a diffusion-controlled  process  could  play  a signifi- 
cant roll  in  the  llOlll  - {1012}  twin  habit  shift  in 
magnesium,  since  this  shift  may  occur  in  the  order  of 
minutes,  or  less  at  room  temperature  (T  = 0.3Tmp). 

Accommodation  by  duplex  slip  - A fourth  process  by 
which  this  habit  shift  could  occur  involves  slip  on  two 
matrix  slip  systems.  In  this  manner,  the  lattice  can  de- 
form by  slip  without  experiencing  a general  rotation, 
since  the  bending  associated  with  slip  on  one  system  may 
be  cancelled  by  the  second,  thus  satisfying  condition  3) 
on  page  110.  At  the  same  time,  however,  duplex  slip  may 
influence  the  orientation  of  a boundary  in  much  the  same 
manner  as  deformation  by  simple  slipa  Figure  68  illustrates 
how  this  slip  permits  a specimen  to  elongate  in  the  tensile 
direction  and  contract  in  the  thickness  direction.  If  a 
twin  is  present  in  this  crystal  along  either  of  the  dashed 
lines  drawn  parallel  and  perpendicular  to  the  tensile  axis, 
its  orientation  should  not  be  effected  by  the  duxpex  slip. 
This  results  from  the  fact  that  the  dislocations  on  each 
of  these  two  slip  planes  shear  the  twin  boundaries  in  an 
equal  and  opposite  manner.  This  is  a purely  hypothetical 
case  since  in  this  orientation  the  twin  has  formed  on  a 
plane  with  no  resolved  shear  stress.  If,  however,  the  twin 
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Figure  68:  Deformation  of  a single  crystal  tensile  speci- 

men by  duplex  slip  on  two  planes  symmetrically 
oriented  with  r-espect  to  the  stress  axis 
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is  in  some  random  orientation  as  duplex  slip  occurs,  it 
should  be  sheared  more  by  the  dislocations  on  one  of  the 
slip  planes  than  on  the  other;  and  a net  rotation  should 
occur.  The  amount  of  this  rotation  should,  in  general, 
be  a maximum  when  the  twin  is  parallel  to  one  of  the  slip 
planes.  At  the  same  time,  slip  on  one  of  these  systems 
may  be  correctly  oriented  to  accommodate  the  second- 
order  twinning  shear.  Thus,  duplex  slip  may  satisfy  all 
five  of  the  necessary  habit  shift  conditions,  provided 
the  slip  systems  are  properly  chosen  in  conjunction  with 
the  lattice  geometry  involved.  If  it  is  assumed  that 
duplex  slip  occurs  on  { lOTl]  planes  in  <1123>  directions, 
a habit  shift  mechanism  can  be  constructed  that  is  in  good 
agreement  with  experimental  observations.  The  existence 
of  {1011K1123)  slip  dislocations  (14)  in  magnesium 
must  be  postulated,  however,  and  evidence  supporting  their 
existence  will  be  presented  in  the  following  section. 

For  a magnesium  crystal  with  a <1010>  tensile  axis, 
there  are  two  symmetrically  oriented  {loll}  planes  on 
which  slip  could  occur.  These  are  indicated  as  (1011) 
and  (lOTl)  in  Figure  69.  The  dislocation  types  on  each 
plane  which  should  result  from  the  applied  tensile  load 
are  also  shown.  In  addition,  it  is  noted  from  Figure  1 
that  there  are  two  <1123>  slip  directions  on  each  of  these 
slip  planes.  These  are  symmetrical  with  respect  to  the 
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(1011)  Trace  (1011)  Trace 


Figure  69:  Schematic  illustration  of  a magnesium  tensile 

specimen  with  a [1010]  tensile  axis  showing 
the  relative  orientations  of  the  (1011)  and 
( 1011)  lattice  plane 
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tensile  axis,  so  slip  on  each  plane  should  involve  approxi- 
mately equal  numbers  of  two  dislocation  types. 

The  effect  on  the  second-order  twin  boundary  orienta- 
tion of  equal  amounts  of  slip  on  the  (Toil)  and  (lOTl) 
planes  will  be  determined  by  considering  each  system  sepa- 
rately. The  most  favorably  oriented  plane  to  accommodate 
the  second-order  twinning  shear  by  a slip  mechanism  is 
(Toil)  . Although  this  plane  lines  37°  from  the  second- 
order  twinning  shear  direction,  this  places  the  acting 
slip  direction  closer  to  the  shear  direction  than  for  any 
other  known  crystallographic  slip  system  in  a hep  lattice. 
It  is  assumed  that  the  second-order  twinning  shear  has 
the  same  effect  on  the  primary  boundary  orientation  as 
discussed  on  page  117,  where  it  was  shown  that  a 40*  rota- 
tion should  result.  The  accommodating  deformation  which 
results  from  glide  on  (Toil)  is  illustrated  in  Figure  70. 
The  rotation  associated  with  a single  slip  process  is 
indicated.  This  structure  is  actually  that  of  a kink  band, 
although  no  bend  planes  are  shown.  The  spacing  of  disloca- 
tions needed  to  produce  the  7°24>  matrix  rotation  in  con- 
junction with  the  second-order  twinning  shear  rotation,  may 
be  calculated  from  the  equation  of  Read  (28). 

d = h 

2sin  0/2 


(I) 
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Figure  70:  The  effect  of  matrix  glide  on  (1011)  on  the 

orientation  of  the  matrix  lattice  adjacent 
to  a (1011)  - (I0l2)  twin.  As  a result  of 
this  glide  the  angle  between  the  twin  habit 
and  the  basal  plane  in  the  slipped  region  is 
reduced  to  55° 
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where  D is  the  vertical  spacing  of  dislocations,  b is  the 
magnitude  of  the  Burgers  vector  component  normal  to  the 
bend  plane,  and  6 is  the  lattice  rotation  produced.  Cn 
this  basis,  an  array  of  ^ [1123]  and  ^ L2II3]  dislocations 
on  (Toil)  planes  spaced  49. 7A  apart  produces  the  required 
7°24’  bend  of  the  lattice.  As  discussed  on  page  117,  de- 
formation which  rotates  the  matrix  lattice  clock- 
wise by  this  amount  with  respect  to  the  twin  also  auto- 
matically reduces  the  inclination  of  the  second-order 
boundary  in  the  deformed  region  to  55°  relative  to  the 
matrix  basal  plane. 

It  is  now  necessary  to  consider  the  effect  of  an 
equal  amount  of  slip  on  (loll)  . Because  the  <1123)  slip 
directions  on  (1011)  are  nearly  parallel  to  the  second- 
order  twin  boundary,  intersections  of  ^ C 21 1 3 1 and  ^[1123] 
dislocations  with  the  boundary  occur  at  widely  spaced  in- 
tervals. For  this  reason  the  boundary  rotation  induced 
by  glide  of  this  type  is  about  the  same  as  the  lattice 
rotation  itself.  Thislis -illustrated  in  Figure  71  where, 
as  a result  of  slip  on  this  second  system,  both  the  matrix 
and  twin  boundary  are  rotated  clockwise  by  7°24!.  In  this 
manner  the  angular  relationship  between  the  second-order 
boundary  and  the  matrix  lattice  established  by  slip  on 
(1011)  is  maintained.  The  net  effect  of  slip  on  these 
two  systems  is  thus  to  produce  about  a 7°  rotation  of  the 
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Figure  71:  The  effect  of  matrix_glide  on_(l01l)  on  the 

orientation  of  a (1011)  - (1012)  twin  and  on 
the  matrix  lattice  adjacent  to  a twin 
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second-order  twin  boundary  toward  a lower  angle  with  the 
matrix  basal  plane.  In  practice  the  (1011)  and  (1011) 
slip  systems  are  assumed  to  operate  simultaneously;  so  at 
any  one  time  there  is  no  actual  lattice  rotation  in  the 
matrix,  as  implied  in  the  above  discussion. 

Interaction  of  ^ < 1123^  Dislocations 

The  fact  that  slip  on  two  systems  has  been  assumed  in 
this  accommodation  process  implies  that  interactions  may 
occur  between  dislocations  on  the  two  planes,  as  pictured 
schematically  in  Figure  72.  It  is  assumed  that  these 
interactions  occur  along  the  basal  plane  and  the  (1010) 
prism  plane.  This  geometry  for  the  interactions  was  chosen 
only  because  of  the  simplicity  which  is  introduced.  Equa- 
tions (2),  (3),  (4),  and  (5)  indicate  the  product  disloca- 
tions that  result  from  interactions  along  the  (1010)  plane. 

| L2IT3]  + |CIl23]  \ [1210]  + [0001]  + [0001 J (2) 

- [2U3]  + ^ [2113J  L0001]  + [OOOlJ  (3) 

3 ^ 

- [1123]  + T-ITI23J  [pool]  + [0001]  (4) 

33 

- L 11123]  + - [21 13]  [1210]  + [0001]  + [0001]  (5) 

3 3 3 
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(0002) 


Figure  72:  Schematic  illustration  of  the  interaction 

which  may  occur  between  dislocations  on  the 
(1011)  and  (1011)  slip  planes 
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If  it  is  assumed  that  the  energy  of  a dislocation  is  pro- 
portional to  the  square  of  its  Burgers  vector,  then  it  may 
be  shown  that  each  of  these  reactions  is  energetically 
feasible.  Since  the  same  number  of  product  dislocations 
should  result  from  (2)  and  (5),  the  [1210]  and  [I2I0J 
dislocations  cancel;  and  the  net  Burgers  vector  of  these 
four  reactions  is  along  the  c axis. 

From  the  interactions  which  may  occur  along  the  basal 
plane  (Figure  72),  the  following  reactions  should  result: 


^ rU23]  + 5 [II23J  — ^ [1120]  + ^ [1120]  (6) 

| LTT23]  + ^ [2113]  — [1010]  (7) 

^ [ 2113]  + \ [1123]  — - [TOIO]  (8) 

3 J 

^ [2113]  + ^ [2113]  — * ^[2113]  + | [2110]  (9) 


Energy  considerations  indicate  that  these  also  may  occur. 
Since  the  Burgers  vector  component  normal  to  [1210]  in 
Equations  (6)  and  (9)  cancel,  the  net  Burgers  vector  is 
parallel  to  [TOIO]  . Because  the  (Toil)  and  UOll)  planes 
intersect  along  [1210J  , the  a’  and  c"  product  dislocation 
lines  should  also  lie  along  this  direction.  Aschematic 
illustration  of  these  dislocations  relative  to  a (1011)  - 
(1012)  twin  is  given  in  Figure  73.  It  is  noted  -that  this 
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Figure  73:  The  ultimate  dislocation  structure  in  the 

matrix  that  is  predicted  to  result  from 
interactions_between  slip  dislocations  on 
(1011)  and  (1011).  The  dislocations  lying 
on  {0002)  have  a net  Burgers  vector  along 
ClOlO]  .while  those  on  (1010)  have  their 
vector  in  the  c"  axis  direction 
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resultant  structure  is  consistant  with  the  concept  of  dup- 
lex slip,  since  the  region  bounded  by  these  dislocations 
has  been  elongated  in  the  tensile  direction  and  contracted 
in  the  transverse.  Also,  the  density  of  these  dislocations 
should  decrease  with  increasing  distance  from  the  twin. 

This  is  consistent  with  the  fact  that  the  effect  of  the 
second-order  twinning  shear,  and  thus  the  intensity  of 
(1011)  and  (1011)  slip,  should  decrease  away  from  the  twin, 
hat  no  specimen  contraction  has  been  experimentally  ob- 
served in  the  vicinity  of  second-order  twins  which  have 
propagated  completely  through  a crystal  may  also  be  ex- 
plained by  this. 


DISCUSSION,  PART  II:  INTERNAL  DEFORMATION 

OF  SECOND-ORDER,  {10111  - Uol2j  TWINS 

In  order  to  understand  the  large  internal  strains  of 
second-order  {10ll$  — {10l2$  twins,  which  occur  subsequent 
to  their  formation,  two  basic  features  of  this  deformation 
must  be  explained.  The  first  of  these  concerns  the  mechan- 
ism which  permits  shear  strains  of  up  to  1,000  per  cent  (52) 
to  occur  within  these  narrow  bands.  The  second  involves 
the  necessary  continuity  of  material  which  must  occur  be- 
tween the  matrix  and  twin  lattices  at  the  second-order  twin 
boundary  if  fracture  is  not  to  immediately  result.  The 
mechanism  of  deformation  which  is  operative  within  the 
individual  twin  lamellae  will  be  considered  first,  and  then 
the  significance  of  this  in  the  general  twin  band  deforma- 
tion will  be  discussed. 

Deformation  of  Individual,  {lOlll  -,$1012$  Twin  Lamellae 

Basil  slip  - As  a result  of  {lOllj  - {10T2>  double  twin- 
ning, the  basal  plane  is  realigned  37.5°  from  the  stress  axis 
(Figure  29).  ^his  is  close  to  the  ideal  slip  orientation. 

It  seems  most  probable  that  the  internal  deformation  of 
these  twins  could  occur  by  extensive  slip  on  the  basal 
plane.  Certain  difficulties  are  encountered,  however. 
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when  s narrow  volume  of  material  such  as  these  twins  is 
sheared  on  a single  system  which  is  not  exactly  parallel 
to  the  boundary.  This  may  be  realized  by  considering  the 
macroscopic  shape  change  which  results  from  the  deformation 
of  UoTlI  " twins.  The  micrographs  in  the  preceding 

section  indicate  that  this  internal  strain  is  occurring 
by  a shear  directed  nearly  parallel  to  the  second-order 
twin  boundary.  This  should  produce  a shape  deformation 
of  the  type  illustrated  schematically  in  Figure  74.  One 
notable  feature  of  this  deformation  is  that  the  width  of 
the  sheared  volume,  w,  is  the  same  both  before  and  after 
the  shear.  This  is  consistent  with  the  experimental 
observation  that  the  thickness  of  second-order  twins  in 
regions  of  intense  strain  is  not  significantly  greater 
than  in  regions  of  small  strain  (compare  Figure  31  with 
Figure  37).  In  view  of  the  magnitude  of  the  shear  strains 
involved,  this  change  may  probably  be  considered  as  negli- 
gible. This  implies  that  the  observed  deformation  is 
equivalent  to  a shear  on  a plane  aligned  parallel  with 
the  sides  of  the  twin. 

An  attempt  will  now  be  made  to  rationalize  the  shape 
change  in  Figure  74  in  terms  of  simple  slip  on  the  second- 
order  twin  basal  plane.  Figure  75,  part  a,  shows  sche- 
matically a volume  of  material  in  the  double  twin  orienta- 
tion as  it  lies  relative  to  the  stress  axis.  The  basal 
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a. 


Figure  74:  Schematic  illustration  of  the  macroscopic 

shape  change  observed  to  accompany  the  de 
formation  of  {1011}  - {1012}  twins.  The 
initially  undeformed  twin  volume  is  shown 
in  a)  and  the  deformed  in  b) 
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Figure  75:  Schematic  illustration  of  the  macroscopic  shape 

change  predicted  to  occur  as  a (lOTli  - flOT2} 
twin  deforms  by  simple  slip  on  the  basal  plane. 
The  initially  undeformed  twin  volume  is  shown 
in  a)  and  the  deformed  in  b) 
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plane  trace,  indicated  by  the  dashed  line,  is  at  the  pre- 
dicted inclination  18.5°  from  the  boundary.  The  macroscopic 
shape  change  which  should  result  from  slip  on  this  system 
is  shown  in  Figure  75,  part  b.  It  is  noted  that  this  is 
not  a shear  deformation  but  is  analogous  to  what  should 
result  from  a compressive  load  directed  along  the  length 
of  the  twin.  This  indicates  that  the  deformation  described 
by  Figure  74  cannot  result  from  slip  on  this  plane.  If 
large  deformations  do  occur  in  this  manner,  then  there 
should  be  considerable  thickening  of  the  twin  and  the  basal 
plane  should  be  rotated  toward  the  stress  axis.  The  amount 
of  rotation  which  should  necessarily  accompany  a strain 
within  the  twin  of  500  per  cent  was  computed  to  be  about 
30  from  the  equation  in  Schmid  and  Boaz  (98).  This 
would  align  the  basal  plane  about  7°  from  the  tensile  axis. 
However,  analysis  of  the  orientation  of  the  basal  plane 
traces  within  second-order  twin  lamellae  indicates  that 
this  plane  is  not  rotated  toward  the  tensile  axis  but  away 
from  it.  This  is  shown  by  the  micrograph  in  Figure  29  of 
an  etched  {l210(  magnesium  face  where  the  basal  plane  trace 
in  the  second-order  twin  is  about  50°  from  the  matrix  basal 
plane.  As  discussed  on  page  121  a rotation  of  the  active 
slip  plane  in  this  sense  implies  that  the  crystal  has  been 
stressed  in  compression  parallel  to  the  basal  plane  rather 
than  tension.  This  is  further  evidence  that  the  internal 
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strain  of  these  twins  cannot  occur  by  slip  on  the  twinned 
basal  plane,  as  described,  but  must  involve  some  other 
mechanism  of  deformation.  Additional  arguments  which 
support  this  fact  are  discussed  in  Appendix  A. 

Couling,  Pashak,  and  Sturkey  (91)  have  attributed 
the  infinite  reliability  of  certain  magnesium  base  alloys 
to  basal  slip  within  small  {10ll$  - $1012j  second-order 
twin  bands.  Based  on  extinction  measurements  made  with 
a polarized  light  microscope,  these  authors  concluded 
that  the  basal  plane  within  these  twins  was  parallel  to 
the  boundary,  thus  permitting  deformation  by  shear  on 
this  plane.  They  stated  that, 

Although  this  double  twinning  process  does 
not  reorient  the  basal  plane  to  a position 
exactly  parallel  to  the  band  plane,  it  does 
reorient  the  basal  plane  to  a position  where 
basal  slip  will  operate  and  consequently 
rotate  the  basal  plane  into  the  band  plane. 

However,  as  discussed  above,  slip  on  the  basal  plane,  which 
occurs  in  conjunction  with  the  applied  stress,  does  not 
produce  a rotation  in  this  direction. 

In  the  present  experiments  the  doubly  twinned  basal 
plane  was  often  observed  to  make  a steeper  angle  with  the 
matrix  basal  plane  than  the  predicted  37.5°,  as  was  illus- 
trated in  Figure  28.  Many  of  the  second-order  twin, basal 
traces  observed  were  inclined  near  this  same  orientation 
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(50°  from  the  matrix  basal  plane).  Figure  76  shows  an 
example  where  the  twinned  basal  plane  is  almost  exactly 
parallel  to  the  second-order  twin  habit.  This  is  in 
agreement  with  the  observations  of  Couling,  et  al . , and 
indicates  that  the  same  mechanism  may  be  responsible  for 
the  deformation  of  double  twins  in  pure  magnesium  and  in 
rolled  magnesium  base  Alloys.  Reorientation  of  the 
twinned  basal  plane  may  be  a significant  step  in  the  over- 
all deformation  process,  since  once  the  basal  plane  becomes 
aligned  parallel  to  the  twin  boundary,  extensive  shear 
strains  may  occur  by  simple  slip  on  this  plane. 

Reorientation  of  the  twinned  basal  plane  by  kinking  - 
A mechanism  which  could  operate  in  both  pure  magnesium  and 
in  the  rolled  alloys  and  that  rotates  the  twinned  basal 
plane  in  the  correct  sense  involves  non-basal  kinking 
within  the  twin.  In  this  case  the  twin  boundary  is  con- 
sidered as  an  asymetrical  tilt  boundary  which  may  be 
formed  as  discussed  by  Read  (28)  using  two  different  types 
of  edge  dislocations.  The  macroscopic  stress  level  as 
these  twins  deform  in  between  15,000  and  20,000  pounds/ 
square  inch,  which  is  significantly  greater  than  the 
critical  resolved  shear  stress  for  basal  slip  in  magnesium 
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Figure  76:  Electron  micrograph  of  a {lOTll  - {10l2i  twin  on  an 

etched  surface.  The  pits  within  the  twin,  which 
correspond  to  the  basal  plane  trace,  are  align- 
ed nearly  parallel  to  the  twin  boundary.  Mat- 
rix bend  planes  of  a small  orientation  (1°  or 
less)  are  also  observed  in  this  micrograph.  It 
is  thought  that  these  play  a minor  role  in 
accommodating  non-uniform  strains  within  the 
twins.  5,OOOX 
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of  65  pounds/square  inch  (6).  This  high  stress  and  the 
proximity  of  the  two  boundaries  to  each  other,  may  direct 
a concentrated  shear  along  the  twin  length.  These  con- 
ditions are  then  ideal  for  kinking  on  a plane  approximate- 
ly normal  to  the  twin  boundary.  The  two  planes  most 

suitably  oriented  for  this  are  (Toil)  and  (1012)  which 
o o 

lie  25  and  6 from  the  stress  axis,  respectively,  and 
99°  and  118°  from  the  twin  boundary.  The  existence  of 
” {1011$ <1123)  dislocations  has  already  been  discussed 
in  conjunction  with  the  proposed  habit  shift  mechanism. 
Evidence  that  (lOTl)  dislocations  on  {10l2j  exist  in 
magnesium  will  be  presented  later  in  this  section.  Based 
on  this,  slip  within  second-order  twins  could  probably 
occur  on  either  of  these  two  planes.  If  it  is  assumed 
that  a kink  forms  as  a result  of  slip  on  (Toil)  , then 
two  types  of  dislocations,  ^ [2113]  and  [1123]  , are 
involved,  as  shown  by  Figure  1.  The  structure  of  a 
kink  with  an  18.5°  misorientation  which  results  from 
(1011)  slip  is  shown  schematically  in  Figure  77. 

If  a second  set  of  — <1123>  dislocations  on  (lOll) 
planes  is  introduced,  the  orientation  of  the  bend  planes 
in  Figure  77  may  be  made  parallel  to  the  second-order 
twin  boundary,  as  indicated  in  Figure  78.  By  requiring 
that  the  bend  planes  be  parallel  to  the  twin  boundaries 
and  assuming  that  each  may  be  treated  as  an  asymetrical 
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Figure  77 : Structure  of  a kink  of  18^5  misorientation 

that  results  within  a (1011)  - (I0l2)  twin 
as  a result  of  slip  on  (1011) 
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Figure  78: 


Structure  of  a kink 
that  results  within 
as  a result  of  slip 


of  18.5°  misorientat ion 
a (lOTl)  - ( 1012 )_twin 
on  (Toil)  and  (1011) 
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tilt  boundary  (28),  the  orientation  of  the  second-order 
twin  habit  should  not  change  as  the  bend  planes  expand 
out  to  the  twin  boundaries  and  the  two  interact/  Also, 
no  matrix  lattice  strains  should  result  from  the  two 
types  of  dislocations  entering  the  twin  boundary. 

As  a result  of  this  kinking  operation,  the  basal 
plane  within  the  twin  is  rotated  toward  the  second-order 
twin  boundary.  For  a kink  misorientation  of  18.5°,  the 
twinned  basal  plane  and  twin  boundary  become  effectively 
parallel.  At  the  same  time  this  kink  contributes  to  the 
overall  tensile  elongation  of  the  crystal,  since  both  of 
the  active  slip  planes  are  rotated  toward  the  tensile 
axis  and  a shear  strain  of  0.33  occurs  parallel  to  the 
twin  boundary.  The  spacing  of  each  dislocation  type  need- 
ed to  produce  this  bending  was  calculated  from  the  two 
equations  in  Read  (23), 

D<ron>  = alW  (i2) 

D(loTl>  = etrkr  (u) 

ihe  terms  here  are  the  same  as  defined  on  page  132  , ex- 
cept for  4>  , which  is  the  bend  plane  inclination  relative 
to  the  mean  orientation  of  ( Idl)  planes.  On  this  basis 

3 ^ 1123)  dislocations  spaced  19.2  A apart  on  (Toil) 
o _ 

58. 4A  apart  on  (lOllj  are  required. 


and 
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The  flow  lines  observed  within  second-order  twins  are 
often  nearly  parallel  to  the  twin  boundary.  This  applies 
both  in  regions  where  the  strain  is  small  (Figure  13)  and 
where  it  is  extensive  (Figure  37),  and  indicates  that  the 
deformation  mechanism  produces  a net  shear  in  this  direction. 
This  is  consistent  with  the  present  model  where  the  twinned 
basal  plane  is  aligned  parallel  to  the  plane  of  the  bound- 
ary, since  with  the  close-packed  plane  in  this  orientation 
the  large  internal  strains  of  these  twins  may  occur  by 
basal  slip. 

The  Foie  of  Twin  lamellae  in  the  Deformation  of  a Macro- 
scopic Twin  Band 

It  is  now  necessary  to  consider  how  the  deformation 
within  separate  twin  lamellae  is  related  to  the  total  macro- 
scopic deformation  of  a second-order  twin  band.  The 
mechanism  proposed  for  the  deformation  of  individual  lamel- 
lae, where  extensive  slip  occurs  on  the  reoriented  basal 
plane,  does  not  adequately  describe  the  overall  deformation 
process.  The  micrographs  of  typical  jlOllj  - {I0l2$  twins 
which  have  been  sheared  extensively  (Figures  34  through  37) 
are  evidence  of  this,  since  they  indicate  that  the  deform- 
ation is  too  complex  to  be  interpreted  by  simple  slip  on  a 
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plane  parallel  to  the  twin  boundary.  It  is  thought  that 
these  complexities  are  a consequence  of  two  characteristic 
features  of  the  CloTl}  - (1012$  twin  lamellae  structure. 

The  first  of  these  results  from  the  fact  that  these  indi- 
vidual twins  are  separated  from  one  another  by  the  matrix 
lattice  (Figures  25  and  26).  The  manner  in  which  the 
internal  deformation  proceeds  from  one  lamellae  to  the 
next,  Figures  31  and  33,  indicates  that  the  flow  often 
occurs  continuously  through  this  matrix.  The  appearance 
of  the  flow  lines  in  these  interconnecting  regions  is 
complex,  and  on  the  basis  of  the  information  in  these 
micrographs  an  exact  mechanism  could  not  be  deduced.  How- 
ever, the  net  effect  of  this  deformation  is  a shear  strain 
effectively  directed  along  the  macroscopic  twin  band  habit 
56°  from  the  matrix  basal  plane.  In  view  of  the  large 
stresses  along  the  twin  length  and  the  fact  that  the 
lamellae  themselves  probably  strain  with  relative  ease  by 
slip  on  the  basal  plane,  these  interconnecting  regions  of 
matrix  orientation  may  be  stressed  to  extremely  high  values, 
and  the  driving  force  for  them  to  relax  may  be  great.  There 
is  evidence  that  the  adjacent  lamellae  do  not  interconnect 
during  deformation  by  twin  growth.  If  the  two  did  join  by 
the  mutual  growth  of  each,  then  simple  slip  on  the  basal 
plane  could  occur  along  the  entire  twin  length.  However, 
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the  electron  micrograph  in  Figure  76  of  a deformed  second- 
order  twin  on  an  etched  {.1 2 1 0|  magnesium  surface  indicates 
that  the  lamellae  have  retained  their  individual  identity 
up  to  this  late  stage  of  deformation.  For  this  reason  it 
is  difficult  to  explain  the  flow  where  two  lamellae  meet 
(Figures  32  and  34)  in  terms  of  any  normal  crystallo- 
graphic slip  process. 

The  second  structural  feature  of  second-order  twin 
bands  which  complicates  the  deformation  process  is  thought 
to  result  from  the  fact  that  the  individual  twin  lamellae 
are  not  exactly  parallel  to  the  macroscopic  habit  plane. 

A possible  explanation  for  this  misalignment  is  presented 
in  Appendix  B.  The  glide  traces  within  these  lamellae  are 
nearly  parallel  to  the  twin  boundary  (Figure  31),  indicat- 
ing that  the  deformation  produces  a net  shear  in  this 
direction.  However,  because  of  the  misalignment  of  indi- 
vidual lamellae,  the  shear  from  adjacent  twins  is  not 
colinear,  and  some  strain  must  be  transmitted  into  the 
matrix  and  accommodated  there.  The  resulting  type  of 
deformation  is  illustrated  by  Figure  32.  Here,  it  is  noted 
that  the  ends  of  the  two  lamellae  (at  points  A and  B)  have 
been  sheared  about  three  microns  past  one  another.  The 
intense  deformation  in  each  twin  is  indicated  by  the  con- 
tours of  the  flow  lines  where  the  two  interconnect.  This 
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rricrograph  also  illustrates  that  two  types  of  matrix  de- 
formation may  occur  in  order  to  accommodate  the  strain 
from  the  lamellae  tips.  The  first  of  these  takes  the 
form  of  a shear  parallel  to  the  macroscopic  twin  habit, 
as  observed  at  point  A;  and  the  second  occurs  as  slip  on 
the  matrix  basal  plane,  which  is  noted  at  point  B. 

Another  form  of  matrix  deformation,  thought  to  result 
from  the  misalignment  of  individual,  second-order  twin 
lamellae  , is  illustrated  at  point  A in  Figure  31.  Here 
a long,  narrow  shear  trace  is  observed  parallel  to  the 
macroscopic  twin  habit  (56°  to  the  matrix  basal  plane). 

It  is  thought  that  this  resulted  from  a stress  relaxation 
along  the  twin  length,  which  caused  the  matrix  to  be  shear- 
ed in  this  direction.  A second  example  of  this  which 
illustrates  the  effect  even  more  convincingly,  is  noted 
in  Figure  33,  where  extensive  shear  has  occurred  in  this 
same  direction  on  the  upper  side  of  the  right  lamellae. 

The  deformation  mechanism  which  could  operate  in  the 
matrix  and  permit  this  shear  at  56°  to  the  basal  plane 
must  be  complex  and  is  not  easily  deduced.  It  is  dif- 
ficult to  interpret  this  strain  in  terms  of  dislocation 
motion  on  slip  systems  which  have  been  previously  re- 
ported. Deformation  of  the  type  observed  here  may  be 
instrumental,  however,  in  directing  the  net  shear  strain 
parallel  to  the  macroscopic  twin  habit.  This  is 
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illustrated  schematically  in  Figure  79,  where  it  is  shown 
how  the  twin  lamellae  are  sheared  parallel  to  their  length, 
and  at  the  same  time  the  interconnecting  matrix  lattice  is 
sheared  along  the  macroscopic  twin  habit.  In  this  manner 
the  shear  traces  in  Figure  37,  which  illustrate  an  advanced 
stage  of  the  deformed  structure,  can  be  explained. 

Orain  Foundary  Shearing  as  a Factor  in  Second-Order  Twin 
Def  ormation 

It  was  mentioned  in  the  preceding  section  that,  in 
general,  a second-order  twin  boundary  has  symmetry  pro- 
perties similar  to  a general  grain  boundary.  On  this  basis 
the  atomic  configuration  of  such  a twin  boundary  may  be 
identical  to  that  of  a high-angle  boundary  of  the  same 
inclination  separating  two  crystals  of  the  same  relative 
misorientation.  Thus,  the  structure  of  a magnesium  single 
crystal  containing  a single  i 101 l]  - 11012]  , second- 
order  twin  is  comparable  to  that  of  a tricrystal  with  two 
grain  boundaries  inclined  56°  to  the  stress  axis.  These 
separate  a long,  narrow  grain  of  the  double  twin  orienta- 
tion from  two  grains  of  the  matrix  orientation.  It  was 
pointed  out  on  page  10  that  the  presence  of  an  intercry- 
stalline boundary  may  increase  the  strength  of  a material 
in  addition  to  surpressing  the  normal  slip  processes  in 
the  vicinity  of  the  boundary.  This  was  demonstrated  most 
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Figure  79:  Schematic  illustration  of  the  misalignment  of 

shear  deformation  within  (1011)  - (1012)  twin 
lamellae  relative  to  that  which  occurs  along 
the  macroscopic  band  plane.  The  angular  mis- 
orientation  of  the  two  shear  traces  is  exag- 
gerated for  emphasis 
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convincingly  by  Figure  3,  where  it  was  observed  that  no 
measurable  basal  slip  has  occurred  in  the  vicinity  of  the 
boundary  of  a zinc  bicrystal  although  the  macroscopic 
shear  strain  was  150  per  cent.  This  hardening  effect  was 
so  pronounced  that  grain  boundary  shear,  rather  than  basal 
slip,  was  the  preferred  mechanism  of  deformation,  despite 
the  fact  that  the  basal  plane  did  not  intersect  the  bound- 
ary. When  applied  to  the  present  case  of  UoTl}  - {1012} 
twinning  in  magnesium, these  facts  suggest  that  realign- 
ment of  the  second-order  twin  basal  plane  parallel  to  the 
twin  boundary  does  not  necessarily  permit  deformation  to 
occur  by  simple  glide  on  this  plane.  Instead,  it  is  pos- 
sible that  the  internal  deformation  of  these  twins  proceeds 
by  an  alternate  means,  namely  the  same  mechanism  that  is 
responsible  for  grain  boundary  deformation  in  polycrystal- 
line materials.  Based  on  the  tricrystal  model  proposed 
above,  this  implies  that  deformation  of  the  small,  narrow 
grain,  which  corresponds  to  the  second-order  twin,  occurs 
by  grain  boundary  shear. 

Several  authors  (41,42)  have  observed  grain  boundary 
shear  in  magnesium  at  room  temperature.  Figure  80  is  an 
electron  micrograph  illustrating  this  type  of  deformation 
on  the  deformed  surface  of  a polycrystalline  magnesium 
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Figure  80:  Electron  micrograph  illustrating  grain  boundary  shear  in  magnesium. 

5, 500X 
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specimen,  strained  2.5  per  cent  at  25°C.  Cracks,  revealed 
by  the  black  projections,  are  observed  at  the  edge  of  the 
sheared  region,  and  extensive  basal  slip  proceeds  from 
here  into  the  lower  grain.  These  probably  resulted  from 
a discontinuity  in  strain  between  these  two  regions.  This, 
micrograph  points  out  the  striking  difference  between  a 
region  deformed  solely  by  basal  slip  and  one  which  has 
undergone  grain  boundary  shear.  Figure  81  is  a second 
electron  micrograph  showing  a highly  deformed  {loll}  - 
{l012j  twin  in  the  same  grain  where  the  boundary  shear 
was  observed.  The  deformed  structure  of  this  second-order 
twin  has  much  the  same  appearance  as  the  shear  observed 
at  the  grain  boundary  in  Figure  80.  This  implies  that 
identical  mechanisms  may  have  been  operative  in  both  cases. 
In  comparing  the  deformation  in  Figures  80  and  81  with  that 
observed  in  second-order  twins  in  single  crystals  (Figures 
31  through  37),  it  must  be  pointed  out  that  in  the  former 
case  the  shear  is  viewed  on  a {lC13j  plane,  while  in  the 
latter  it  is  seen  on  the  {1210j  plane  of  shear. 

The  deformation  mechanism  discussed  here  is  consistent 
with  the  intermediate  temperature  ductility  minimum  theory 
proposed  by  Rhines  and  Wray  (85)  and  discussed  on  page  46. 
These  authors  recognized  that  in  numerous  metal  systems 
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Figure  81:  A highly  deformed,  llOllj  - (1012}  twin  in 

the  grain  of  a polycrystalline  magnesium 
tensile  specimen.  5.500X 
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fracture  results  from  grain  boundary  shear  in  the  temper- 
ature range  corresponding  to  that  of  recovery.  This  may 
explain  the  fact  that  {lOlli  - Uol2i  twins  are  important 
in  the  deformation  and  fracture  of  magnesium  at  ambient 
temperatures  alone,  since  this  type  of  shear  mechanism 
may  only  be  significant  in  this  range.  However,  the  fact 
that  the  present  deformation  is  observed  only  at  room 
temperature  may  not  be  a consequence  of  the  temperature 
dependence  of  grain  boundary  shear,  but  may  be  due  to  the 
nucleation  characteristics  of  the  particular  twin  types 
that  are  involved. 

Deformation  of  the  type  observed  in  Figures  31  through 
37  gives  the  appearance  of  "viscous"  or  "turbulent"  flow. 
However,  these  terms  imply  that  the  material - behaves  as  if 
it  were  amorphorous,  and  that  once  it  yields  it  deforms 
continuously  without  work  hardening.  It  is  thought  that 
such  an  implication  should  not  be  attached  to  the  present 
deformation  observed  in  magnesium.  Chalmers  (47)  has 
postulated  that  the  mechanism  of  grain  boundary  deforma- 
tion may  be  best  described  as  "non-crystallographic . " He 

stated  that  this  results  from  the  large  concentrated 

% 

stress  in  these  localized  regions  and  the  fact  that  this 
stress  surpasses  the  critical  resolved  shear  on  a large 
number  of  planes.  He  also  pointed  out  that  the  avail- 
ability of  such  a large  number  of  possible  slip  planes 
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would  permit  flow  to  occur  in  the  direction  of  maximum 
resolved  shear.  Applied  to  the  present  case  of  second- 
order  twinning,  this  shear  direction  is  nearly  parallel 
to  both  the  boundary  and  the  doubly  twinned  basal  plane. 

The  term  non-crystallographic  deformation  implies 
that  the  operating  mechanism  is  in  no  way  related  to  the 
structure  of  the  crystalline  lattice.  For  this  reason 
it  seems  more  proper  to  consider  the  flow  mechanism  as 
crystallographic,  but  under  the  assumption  that  ,the  active 
slip  planes  and  directions  may  have  higher  indices  than 
normally  would  be  expected  to  operate.  In  this  manner  it 
is  implied  that  the  deformation  has  a direct  relationship 
to  the  crystal  lattice  structure,  although  the  net  flow 
direction  which  results  may  be  the  same  as  the  direction 
of  maximum  shear. 

The  flow  traces  observed  in  second-order  twins  are 
also  interesting  in  view  of  the  theory  of  Bauwens , Homes, 
and  Pankowski-Fern  (99).  These  authors  have  considered 
the  problem  of  uniaxial  extension  of  a homogeneous, 
isotropic  material  under  a continuously  increasing  ten- 
sile load.  They  calculated  that  flow  should  first  occur 
along  the  surface  of  a cone  whose  axis  corresponds  to  the 
tensile  direction  and  whose  semiapex  angle  is  55°.  These 
authors  noted  that  cup-cone  fractures  in  certain  steels 


163 


occur  along  a cone  at  about  this  same  inclination.  Also, 
in  steels,  where  deformation  proceeds  by  propagation  of 
a Luder’s  band,  the  band  front  is  often  inclined  55°  from 
the  stress  axis  (100). 

Although  the  structure  of  second-order  twins  in  mag- 
nesium cannot  be  classified  as  homogeneous  and  isotropic, 
the  observed  flow  direction  is  close  to  55°  from  the 
stress  axis.  This  result  may  be  fortuitous;  however,  it 
is  interesting  to  note  the  good  agreement  between  the 
theory  and  experiment. 

The  Role  of  Shear  Accommodation  Kinks  in  the  Deformation 
Process 

The  previous  discussion  has  been  concerned  primarily 
with  the  mechanism  of  deformation  within  {lOllj  - $10l2j 
twins.  With  regard  to  this,  it  was  mentioned  on  page  153 
that  this  deformation  may  introduce  accommodating  strains 
into  the  matrix  along  the  length  of  the  twin.  An  addi- 
tional form  of  accommodating  deformation  which  has  been 
observed  in  the  matrix  will  now  be  considered.  This  in- 
volves a complex  kinking  phenomenon  of  the  type  noted  in 
Figures  40  through  48.  Reed-Hill  and  Robertson  (52)  re- 
ferred to  these  as  shear  accommodation  kinks,  since  they 
were  thought  to  accommodate  non-uniform  shear  deformation 
within  the  twins,  ^hey  based  this  on  the  observation  that 
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these  kinks  were  most  pronounced  where  the  internal  shear 
of  the  twin  was  small  and  that  the  kinks  disappeared  where 
the  shear  was  greatest.  The  kinks  observed  in  the  present 
experiments  confirmed  this;  however,  it  is  thought  that 
their  role  may  be  of  greater  significance.  In  this  respect 
it  is  thought  that  these  kinks  are  important  in  accommoda- 
ting strains  in  the  matrix  which  may  result  from  the  de- 
formation in  the  individual  twin  lamellae.  Figure  35  is  a 
micrograph  of  intensely  strained  region  where  two  lamellae 
interconnect.  It  is  noted  from  this  that  matrix  flow  has 
occurred  on  the  upper  side  of  this  strained  band.  The 
basal  plane  trace  in  this  region  appears  to  be  misoriented, 
indicating  that  some  kinking  may  also  have  occurred.  Fig- 
ure 47  is  a second  example  which  indicates  the  necessity 
of  matrix  accommodation  adjacent  to  second-order  twins. 

In  this  case  the  shear  from  the  individual  lamellae  is 
quite  pronounced,  as  it  leaves  the  twin  and  enters  the 
matrix.  This  is  indicated  at  points  A and  B.  It  is  noted 
that  a shear  accommodation  kink  of  significant  misorienta- 
tion  has  developed  along  the  length  of  this  twin,  thus 
suggesting  that  there  may  be  a relationship  between  the 
two.  It  is  thought  that  additional  factors  which  have 
thus  far  not  been  recognized  may  also  be  important  in  the 
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morphology  of  these  kink  structures.  In  this  respect  more 
experimental  investigations  are  still  desired. 

Dislocation  Models  for  Shear  Accommodation  Kinks 

Basal  dislocations  - The  kinks  observed  in  Figures 
40  through  48,  where  the  bend  plane  is  almost  parallel  to 
the  second-order  twin  boundary,  are  difficult  to  describe 
in  terms  of  basal  slip  alone.  Figure  82  illustrates 
schematically  the  bending  which  results  from  aligning 
basal  slip  dislocations  at  a 60°  inclination.  Such  an 
array  has  a long  range  stress  field  (101);  and,  therefore, 
its  energy  is  greater  than  a vertical  array  of  the  same 

t 

dislocations.  Also,  if  these  kinks  result  solely  from 
basal  slip,  then  the  active  slip  plane  has  been  rotated 
away  from  the  stress  axis.  As  discussed  on  page  121  , 
this  makes  a negative  contribution  to  the  overall  tensile 
strain.  In  addition,  Figure  82  indicates  that  a skewed 
dislocation  wall  introduces  a change  in  the  interplanar 
spacing  as  the  wall  is  traversed. 

Description  of  the  bend  plane  in  terms  of  two  differ- 
ent types  of  dislocations  - It  is  possible  to  describe  the 
kinks  adjacent  to  second-order  twins  by  assuming  that  the 
bend  planes  are  composed  of  two  sets  of  dislocations. 
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Figure  82:  Schematic  illustration  of  the  basal  dislocation 

alignment  needed  to  account  for  the  lattice 
bending  of  shear  accommodation  kinks 
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'"'his  is  similar  to  the  kink  band  boundary  discussed  in  the 
preceding  section,  where  ^ <1123)  dislocations  on  (Toil) 
and  (1011)  were  used  to  describe  a bend  plane.  Figure  83 
illustrates  that  the  proper  combination  of  a^ , “ S3,  and 
c dislocations  may  completely  describe  a bend*  plane  in- 
clined 60°  from  the  basal  plane.  The  density  of  each 
dislocation  type  needed  to  produce  bending  about  this 
plane  may  be  calculated  in  the  same  manner  as  on  page  132 

Assuming  a kink  misorientat ion  of  10°,  a^  and  — 33  dis- 

0 

locations  spaced  39A  apart  and  c dislocations  spaced 
o 

52A.  apart  are  required.  A similar  model  may  be  construc- 
ted which  involves  dislocations  with  a “<1123,)  Burgers 
vector  on  the  (lOTl)  and  (Toil)  planes. 

Slip  dislocations  on  \10l2i  - A third  model  may  be 
constructed  which  assumes  the  bend  plane  is  composed  of 
LlOll]  dislocations  on  (l012)  . While  dislocations  of 
this  type  have  never  been  observed,  there  is  strong 
evidence  for  their  presence  in  the  bend  planes  of  shear 
accommodation  kinks.  £l01l]  dislocations  may  be  formed 
by  interaction  of  two  basal  dislocations  with  a c dis- 
location according  to  the  reaction 
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This  same  product  dislocation  may  result  from  a second 
type  of  reaction,  which  involves  interaction  of  a prya- 
widal  ^ 0123)  dislocations,  as  shown  by  the  Reactions 
(13)  and  (14) 


[2113]  + 

s3 

§ [1120]  - 

► [ion] 

(13) 

| [1123]  + 

I [2lTo]  - 

► [lOlll 

(14) 

Based  on  the  criteria  that  the  dislocation  energy  is  pro- 
portional to  the  square  of  its  Burgers  vector,  it  was 
found  that  both  Reactions  (13)  and  (14)  involve  an  in- 
crease in  energy.  However,  this  does  not  mean  that  the 
reactions  cannot  occur,  since  the  localized  stress  con- 
ditions in  the  lattice  may  also  be  significant.  The 
reactant  pyramidal  dislocations  must  lie  on  (Toil)  if 
the  product  dislocation  is  to  be  glissile  on  (1012) 

Since  the  (1011)  and  (0001)  planes  share  the  [l2l0] 

direction,  it  is  along  this  line  that  the  two  disloca- 
tions interact.  This  direction  is  also  common  to  (1012) ; 
so  the  product  dislocation  is  theoretically  glissile 
on  this  plane,  since  it  contains  both  the  dislocation 
line  and  the  Burgers  vector.  If,  however,  the  reactant 
3 ( ll23}>  dislocations  lie  on  a {1122}  plane,  the  reaction 
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occurs  along  (1010),  and  the  product  dislocation  is  not 
glissile  on  (IC12)  . 

If  shear  accommodation  kinks  do  result  from  slip  on 
(T012)  in  the  (10Tl) direction,  there  are  several  ways 
that  this  dislocation  structure  could  occur.  One  of 
these  assumes  that  [lOTll  dislocation  loops  are  nucleated 
on  equally  spaced  (T012)  planes  in  a manner  similar  to 
that  proposed  by  Hess  and  Barrett  (21)  for  basal  kinks. 

This  is  illustrated  schematically  in  Figure  84.  A second 
mechanism  for  kink  formation  involves  interaction  of 
2 0123.)  matrix  glide  dislocations  with  the  basal  bend 
planes  observed  adjacent  to  second-order  twin?  (Figure 
76).  The  presence  of  these  bend  planes  was  discussed  in 
conjunction  with  this  Figure.  It  was  also  noted  (page  4) 
that  the  dislocation  walls  associated  with  a kink  band 
should  always  occur  in  pairs.  On  this  basis  the  bend 
planes  in  Figure  78  should  correspond  to  approximately 
equal  numbers  of  positive  and  negative  dislocation 
arrays.  Thus,  the  [icTl]  dislocations  could  form  from 
interaction  of  <1123)  dislocations.  This  mechanism  predicts 
that  [TOIT]  and  [lOll]  dislocations  on  (T012)  should 
result.  The  positive  [lOll]  dislocations  occur  by 
Reactions  (1J3)  and  (l£) , while  the  negative  dislocations 
form  from  interactions  between  dislocations  of  opposite 
sign,  as  expressed  by  the  reactions 
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Figure  84:  Schematic  illustration  of  how  [lOTlJ  dislocation 

loops  on  (1012)  may  account  for  the  structure 
of  shear  accommodation  kinks 


172 


~ 15*113]  + 

\ [1120]  - 

[ 101TJ 

(15) 

^ LIT23]  + 

\ [2110] 

[Toil] 

(16) 

Under  the  applied  stress  the  positive  dislocations  align 
into  the  bend  planes  observed  in  the  micrographs  (Figures 
40  through  48),  while  the  negative  move  into  the  second- 
order  twin  boundary.  It  is  noted  that  while  the  basal 
plane  is  rotated  away  from  the  stress  axis,  the  (1012) 
plane,  on  which  the  kink  was  assumed  to  form,  has  been 
rotated  toward  this  axis.  Thus,  this  mechanism  is  con- 
sistent with  the  applied  tensile  load. 

Rosenbaum  (12)  has  postulated  a similar  dislocation 
reaction  involving  <10Tl>  dislocations  in  order  to  ex- 
plain the  pile-up  of  pyramidal  dislocations  at  basal  twin 
accommodation  kinks  in  zinc.  However,  because  the  pyra- 
midal •^<'1123)  dislocations  he  observed  were  on  {1122] 
planes,  the  resultant  dislocations  could  not  have  been 
glissile  on  {l0l2]. 

There  is  considerable  evidence  in  support  of  this 
non-basal  kinking  mechanism.  Read  (28)  has  pointed  out 
that  a tilt  boundary  composed  of  a single  set  of  disloc- 
ations has  only  one  degree  of  freedom.  He  demonstrated 
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that  for  this  case  the  boundary  orientation  and  the  rela- 
tive tilt  misorientation  between  the  two  lattices  are 
interrelated,  so  that  only  one  of  these  is  an  independent 
variable.  A test  of  the  theory  that  the  present  kinks 
result  from  glide  of  a single  dislocation  type  on  d012) 
was  made  based  on  this  fact.  From  observing  the  position 
of  the  basal  trace  in  the  kink  and  matrix,  the  orientation 
of  the  (Y012)  plane  in  each  may  be  determined.  The 
orientation  of  the  bend  plane  can  then  be  predicted  on 
the  assumption  that  (1012) [lOTl]  dislocations  are  involved. 
Table  1 indicates  that  in  every  case  the  predicted  and  ob- 
served positions  of  the  bend  plane  are  in  good  agreement 
with  each  other.  The  micrographs  which  were  used  for  these 
measurements  and  which,  thus  far,  have  not  been  introduced 
are  shown  in  Figures  85  through  89.  It  is  also  noted  that 
some  of  the  measurements  were  made  on  micrographs  from 
previous  research.  All  measurements  were  made  in  regions 
where  the  internal  deformation  of  the  kinks  was  a minimum, 
so  that  the  kink  misorientation  could  be  measured  accurate- 
ly. In  only  one  example,  which  is  shown  in  Figure  89,  was 
the  bend  plane  inclined  at  a smaller  angle  to  the  matrix 
basal  plane  than  the  second-order  twin  boundary.  However, 
the  misorientation  of  this  kink  was  only  13°,  which  was 


less  than  for  any  of  the  other  kinks  observed,  and  for 


174 


TABLE  1 


A Comparison  of  the  Predicted  and  Observed  Shear  Accom- 
modation Kink  Bend  Plane  Inclinations  Based  on  {T012} 
<10T»  Slip 


Kink 

Misorientation 

Observed 

Inclination 

of 

Bend  Plane 

Predicted 

Inclination 

of 

Bend  Plane 

Figure 

Number 

23° 

60° 

58.5° 

41 

o 

lO 

CNI 

58° 

59.5° 

42 

31° 

63° 

62.5° 

85* 

13° 

53° 

53.5° 

86* 

30° 

! 

64° 

63° 

87* 

24° 

57° 

59° 

88 

25° 

60° 

59.5° 

'89* 

■^Indicates  micrographs  from  research  by  Dr.  R.E.  Reed-Hill 
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Figure  85:  Structure  of  a {1011}  - $1012}  twin  and  its 

shear  accommodation  kink  (after  R.E.  Reed- 
Hill  (94).  230X 
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Figure  86:  Second-order  twin  and  its  shear 

kink  (after  R.E.  Reed-Hill  (94)) 


accommodation 
. 230X 


177 


Figure  87:  {1011)  - {1012/  twin  and  a highly  deformed 

shear  accommodation  kink  (after  R E Reed- 
Hill  (94)).  230X 


178 


* 


/ 


Figure  88: 


Electron  micrograph  of  a {1011}  - {1012}  twin 
and  a shear  accommodation  kink,  7.000X 
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Figure  89:  Second-order  twin  and  its  shear  accommodation 

kink  (after  R.E.  Reed-Hill  (52)).  450X 
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this  reason  the  bend  plane  orientation  is  still  consistent 
with  the  theory  of  slip  on  (1012). 

Internal  Def ormatlon  of  Shear  Accommodation  Kinks 

The  phenomenon  of  ilOll]  - {1012]  twin  band  deforma- 
tion is  further  complicated  by  the  fact  that  shear 
accommodation  kinks  are  often  internally  deformed.  This 
gives  an  additional  means  by  which  the  matrix  may  deform 
and  accommodate  the  strains  of  the  twins.  Analysis  of  the 
deformation  traces  observed  within  shear  accommodation 
kinks  is  difficult  because  of  the  complex  geometry  involved. 
In  most  cases  these  traces  were  nearly  parallel  to  the 
second-order,  {iOll]  - {1012]  twin,  irrespective  of  whether 
the  kink  misorientation  was  large  or  small.  Measurements 
of  the  angular  relationship  of  these  deformation  traces 
relative  to  the  kinked  basal  plane  are  listed  in  Table  II. 

The  greatest  scatter  was  observed  in  regions  where  the 

/ 

kink  deformation  was  pronounced,  as  exemplified  by  read- 
ings number  5 and  7 in  this  table.  The  low  angle  measure- 
ment in  the  latter  case  was  characteristic  of  the  highly 
strained  region,  while  the  55°  measurement  was  made  in  an 
area  of  relatively  small  strain. 

These  factors  indicate  that  the  internal  deformation 
of  these  kinks  may  occur  as  the  kink  misorientation  is 
being  established.  This  follows  since  the  inclination 
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TABLE  2 


The  Relative  Inclination  of  Deformation  Traces  within 
Shear  Accommodation  Kinks 


Number 

Inclination 
ation  Trace 
Basal  Plane 

of 

to 

Def  orm- 
Kink 

Micrograph  from 
which  Measure- 
ment was  made 

1 

42° 

Figure  42 

2 

44° 

44 

3 

■b. 

t— ■ 

o 

45 

4 

44° 

48 

5 

34° 

50 

6 

49° 

85 

7 

55° 

87 

32° 

8 

43° 

89 
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of  a twin  boundary  or  slip  trace,  relative  to  an  active 
glide  plane,  may  be  altered  as  a result  of  slip  on  this 
plane.  However,  the  orientation  of  the  trace  with  re- 
spect to  a fixed  reference  system  should,  in  general, 
change  only  slightly.  This  could  explain  the  angular 
discrepancy  observed  for  the  present  deformation  traces; 
since  if  they  formed  after  the  kink  misorientat in  was 
established,  they  should  occur  at  their  characteristic 
crystallographic  inclination  inside  the  kink.  However, 
if  the  kink  misorientation  continued  to  increase  after 
the  traces  formed,  then  their  inclination  relative  to 
the  kinked  basal  plane  may  be  decreased.  On  this  basis 
the  true  crystallographic  orientation  of  this  deformation 
should  be  the  largest  angular  inclination  recorded  in 
Table  2,  which  is  about  55°.  It  is  also  significant 
that  traces  of  this  same  inclination  were  observed  on 
etched  as  well  as  deformed  surfaces.  This  indicates 
that  the  deformation  traces  are  probably  associated  with 
twinning  rather  than  slip.  From  the  inclination  of.  these 
twins,  which  was  discussed  above,  it  appears  that  they  are 
of  the  second-order,  {1011}  - {1012}  type.  Kink  deforma- 
tion by  the  mechanism  of  double  twinning  is  also  supported 
by  the  intense  strain  which  was  often  observed  at  these 
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regions  (Figures  50,  54  and  87).  This  is  in  good  agree- 
ment with  the  conclusions  of  Reed-Hill  and  Robertson  (52), 
which  were  discussed  on  page  50. 

It  is  possible  that  additional  deformation  mechanisms 
may  also  be  operating  in  shear  accommodation  kinks.  This 
is  indicated  by  the  traces  observed  in  the  small  kink  in 
Figure  48,  which  appear  much  more  like  fine  slip  lines 
than  twins.  Also,  they  are  inclined  at  about  45°  to  the 
kinked  basal  plane,  which  is  probably  close  to  their  true 
crystallographic  inclination,  since  the  kink  is  in  the 
initial  stages  of  its  formation. 

These  traces  may  be  interpreted  in  terms  of  ~ <1123) 
{lOlll  slip  on  the  {lOllJ  planes  which  are  inclined 
obliquely  to  the  (1210)  surface  of  observation.  Because 
(llOl)  and  (01 1 1 ) are  both  symmetrically  oriented  to  the 
stress  axis,  this  slip  should  occur  in  equal  amounts  on 
each  of  these  two  planes.  From  the  geometry  in  Figure  1, 
this  indicates  that  dislocations  with  four  different 
Burgers  vectors  are  involved.  These  planes  and  their  re- 
spective slip  directions  are  illustrated  in  Figure  90, 
relative  to  the  surface  of  observation.  It  is  indicated 
that  (llOl)  and  (0111 ) intersect  the  plane  of  observation 
43°  from  the  basal  plane,  which  is  close  to  the  inclination 
of  the  traces  measured  under  readings  1-4  and  8 in 
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Figure  90:  The  relative  orientation  of  two  unit  cells  in 

a magnesium  single  crystal  tensile  specimen 
with  the  tensile  axis  along  IloroJ . The  posi- 
tions of  the  (llOl)  and  (OllI)  planes  are 
illustrated 
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Table  2.  Further  evidence  in  support  of  this  slip  system 
is  given  in  Figure  91.  Here  a second-order  twin  and  its 
shear  accommodation  kink  are  viewed  on  the  basal  plane 
face  of  the  specimen.  Slip  traces  are  observed  in  a por- 
tion of  the  kink,  and  these  are  consistent  with  3 <1123) 
UOTl}  slip  on  one  of  the  pyramidal  planes  discussed 
above  (Figure  90). 

Additional  deformation  traces  were  also  observed 
which  could  not  be  explained.  An  example  of  these  is 
shown  at  point  A in  Figure  92.  Surface  markings  such  as 
this  cannot  be  interpreted  in  terms  of  either  the  twinning 
or  slip  mechanism  proposed  above.  In  addition,  Reed-Hill 
(72)  observed  etch  pit  traces  within  these  kinks  which 
also  are  difficult  to  classify.  These  are  illustrated  at 
point  A in  Figure  93.  These  factors  indicate  that  more 
extensive  investigations  are  desirable  if  the  internal 
deformation  of  these  kinks  is  to  be  completely  understood. 

Summary : The  foregoing  discussion  demonstrates  that 

the  overall  process  by  which  { 1 OT 1}  - {1012}  twin  bands 
deform  is  quite  complex.  It  was  found  that  the  deformation 
could  be  treated  as  three  distinct  but  interrelated  oper- 
ations. The  first  of  these  is  concerned  with  the  shear 
strain  within  the  individual  twin  lamellae,  which  occurs 
parallel  to  the  twin  boundary,  while  the  second  involves 


Figure  91:  The  surface  offset  on  the  basal  plane  face  of 

a single  crystal  which  results  from  {1011}  - 
(1012/  twinning  and  shear  accommodation  kink- 
ing. The  twin  and  kink  are  parallel  to  the 
<1210  direction.  Traces  are  observed  within 
the  kink  about  60°  from  this.  7.400X 
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Figure  92:  Electron  micrograph  illustrating  a type  of 

deformation  trace  within  shear  accommodation 
kinks  which  could  not  be  analyzed.  3.000X 
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Figure  93:  Second-order,  {1011}  - {1012}  twin  and  its 

shear  accommodation  kink  as  viewed  on  a 
(1210)  magnesium  face  which  was  etched  with 
20  per  cent  HC1  subsequent  to  deformation 
(courtesy  of  R.E.  Reed-Hill).  75X 
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a shear  in  the  matrix  lattice  immediately  adjacent  to  these 
lamellae.  This  deformation  is  thought  to  be  significant  in 
directing  the  large  concentrated  strains  which  are  observed 
along  the  band  length.  The  third  phase  of  the  deformation 
is  concerned  with  shear  accommodation  kinking  in  the  adja- 
cent matrix  and  the  subsequent  deformation  in  these  kinks. 
These  last  two  factors  permit  the  matrix  to  deform  and 
accommodate  the  deformation  in  the  twin,  and  for  this 
reason  they  may  be  significant  in  prolonging  the  time 
when  fracture  occurs. 


DISCUSSION,  PART  III:  FRACTURE 


The  micrograph  in  Figure  55  illustrates  that  the  cry- 
stals extended  in  the  present  experiments  fractured  along 
second-order,  £101 1 } - (10l2]  twins.  The  mechanism  by 
which  this  fracture  occurred  is  thought  to  proceed  in 
three  basic  steps.  The  first  of  these  involves  formation 
of  small  voids  of  the  type  observed  in  Figures  31  and  54. 
The  second  step  occurs  as  the  strain  increases  and  these 
voids  grow  and  interconnect  to  form  microcracks,  as  ob- 
served in  Figures  34  through  37,  where  the  doubly  twinned 
region  is  heavily  deformed.  Third,  the  ultimate  fracture 
results  in  a "postage-stamp"  manner  as  a direct  consequence 
of  the  development  of  these  cracks  into  a linear  network 
across  the  entire  specimen  cross  section. 

It  is  thought  that  there  are  two  general  mechanisms 
which  could  account  for  nucleation  of  the  voids  and  cracks 
observed  at  { 1 01 1?  - {1012]  twins.  The  first  involves 

pile-up  of  dislocations  at  the  second-order  boundary,  thus 
giving  rise  to  cracks  as  proposed  by  Zener  (65)  and  describ 
ed  on  page  33.  The  second  assumes  void  formation  as  a 
result  of  the  relative  shear  displacement  of  the  lattice 
on  either  side  of  the  twin  boundary.  This-  involves  a 
mechanism  similar  to  that  proposed  by  Gifkins  (66),  Chen 
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and  Machlin  (67,68),  or  McLean  (69).  It  is  possible  that 
both  processes  are  operative  in  the  present  case,  but  the 
fact  that  cracks  have  been  observed  along  narrow  shear 
flow  lines  gives  direct  evidence  in  support  of  the  second 
(Figures  38  and  39).  In  the  latter  example  there  is  a 
good  indication  that  the  crack  at  point  D results  from 
shear,  since  the  discontinuity  in  the  basal  plane  trace 
AB  indicates  that  the  two  crystal  halves  have  been  dis- 
placed about  two  microns  past  one  another.  In  applying 
a mechanism  similar  to  that  of  Gifkins,  Chen,  et  al . . or 
McLean  to  the  present  shear  cracks,  it  is  not  necessary 
to  postulate  steps  on  the  atomic  scale.  Instead,  as 
evidenced  at  point  B in  Figure  92  larger  discontinuities 
may  be  involved.  This  shows  that  the  cracks  are. not 
necessarily  parallel-sided  but  may  have  bends  or  steps 
along  their  length.  However,  there  is  no  way  of  knowing 
if  these  were  instrumental  in  the  crack  formation  or 
whether  they  are  a consequence  of  subsequent  deformation 
after  the  crack  formed.  Also,  it  must  be  noted  that  al- 
though the  micrographs  in  Figures  38  and  39  were  taken  at 
magnifications  of  16,  500X  and  17.000X,  the  observed  shear 
traces  may  still  correspond  to  a finite  width  on  the  atomic 
scale.  In  this  case  the  mechanism  of  Zener  (65)  which  in- 
volves piled-up  dislocations,  could  also  be  significant. 
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From  Figures  57  and  58  it  was  noted  that  different 
areas  of  the  fracture  surface  may  differ  greatly  in  appear- 
ance. One  possible  interpretation  of  this  is  that  differ- 
ent mechanisms  are  responsible  for  fracture  at  different 
parts  of  the  double  twin.  Also,  while  the  fracture  prob- 
ably follows  the  macroscopic  twin  habit  in  most  regions, 
as  discussed  on  pagelOO  , it  is  possible  that  in  others 
it  propagates  through  the  matrix  adjacent  to  the  twins. 

That  the  latter  may  actually  occur  is  evidenced  by  the 
cracks  observed  within  shear  accommodation  kinks  at  point 
A,  Figure  50. 

Figure  57  illustrates  that  some  areas  of  the  fracture 
surface  are  characterized  by  straight  bands  parallel  to 
the  basal  plane  trace  on  this  surface.  This  micrograph  is 
generally  consistent  with  the  optical  micrograph  of  this 
same  surface  (Figure  56),  since  both  exhibit  this  direction- 
al structure.  These  dark  bands  are  thought  to  correspond 
to  regions  of  the  twin  which  tore  apart  under  the  influ- 
ence of  the  tensile  stress  once  the  crack  structure  was 
sufficiently  developed.  On  this  basis  the  region  between 
the  bands  corresponds  to  what  was  once  the  face  of  a crack. 
The  fact  that  these  bands  are  long  and  straight  indicates 
that  the  cracks  may  have  had  their  edges  parallel  to  the 
basal  plane  trace,  as  shown  schematically  in  Figure  94. 
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Figure  94:  Schematic  illustration_of  the  geometry  of  the 

cracks  observed  at  {1011}  -{1012}  twin  bound- 
aries 
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This  is  consistent  with  the  fact  that  the  twin  structure 
is  essentially  two  dimensional;  so  once  a crack  is  nucleated 
at  the  twin  boundary  it  may  propagate  very  rapidly 
along  the  interface  in  the  direction  parallel  to  the  basal 
plane  trace  on  the  fracture  plane.  As  noted  on  page  100 
the  shape  of  the  black  protrusions  on  the  replicas  from 
the  {1210}  prism  face  do  not  necessarily  give  a true  in- 
dication of  the  crack  geometry.  However,  several  examples 
were  observed  where  the  edges  of  these  protrusions  appeared 
to  be  normal  to  the  surface  of  observation  (and  thus  paral- 
lel to  the  basal  plane  trace  on  the  fracture  plane).  The 
best  example  of  this  is  seen  in  Figure  95.  This  substan- 
tiates the  proposed  geometry  of  these  cracks  in  Figure  94. 

From  Figure  58  it  was  observed  that  some  areas  of  the 
fracture  surface  are  characterized  by  a type  of  "dimple" 
structure.  Beachem  (71)  has  pointed  out  that  the  relative 
shape  of  dimples  on  a shear  rupture  surface  is  dependent 
upon  the  ratio  of  normal  strain  to  shear  strain  as  the 
voids  open,  grow,  and  coalesce.  Thus,  a high  ratio  of 
these  strains  gives  rounded  dimples  (approaching  the  shape 
of  the  normal  rupture  dimples  shown  in  Figure  17),  while 
a low  ratio  should  produce  dimples  elongated  in  the  shear 
direction,  as  shown  in  Figure  18.  It  is  apparent  that 
neither  of  these  rupture  modes  adequately  describe  the 
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Figure  95:  Electron  micrograph  illustrating  how  cracks 

may  occur  normal  to  the  (1210)  surface  of 
observation.  4,000X 
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present  fracture,  since  the  dimples  observed  in  Figure  58 
are  elongated  in  the  direction  of  the  basal  plane  trace 
(normal  to  the  resolved  shear  direction).  This  is  also 
consistent  with  the  assumption  that  once  these  cracks  are 
nucleated,  they  grow  rapidly  in  a direction  parallel  to 
£1210 J . However,  it  is  thought  that  more  extensive 
investigations  are  needed  to  fully  understand  the  nature 
of  these  dimples.  Also,  more  work  is  desired  in  order 
to  relate  the  structure  on  both  types  of  fracture  surfaces 
(Figures  57  and  58)  to  the  geometry  of  {1011}  - {l0l2} 
twins . 


CONCLUSIONS 


Additional  confirmation  has  been  obtained  that  the 
bands  of  intense  deformation  observed  by  Reed-Hill  and 
Robertson  (72)  and  by  Reed-Hill  (53)  are  {lCll]  - {1012}  , 
second-order  twins.  These  twins  are  nucleated  in  mag- 
nesium by  straining  a single  crystal,  oriented  with  the 
basal  plane  parallel  to  the  stress  axis,  in  tension  at 
room  temperature.  Under  the  influcence  of  the  applied 
load,  the  twins  may  deform  extensively  subsequent  to  their 
formation  and  thus  lead  to  fracture.  In  this  manner  they 
control  the  room  temperature  deformation  and  fracture  of 
single  crystals  of  this  orientation. 

As  a result  of  the  present  research,  the  following 
conclusions  have  been  reached: 

1)  The  habit  shift  from  the  primary  twin  orientation 
at  61°54*  to  the  second-order  twin  orientation  at 
approximately  56°  cannot  be  explained  by  the 
double  twinning  theory  of  Crocker  (83). 

2)  The  {lOTli  - {l0T2j  twin  habit  shift  can  be  ex- 
plained if  it  is  assumed  that  duplex  slip  occurs 
in  the  matrix  lattice  adjacent  to  the  twin.  On 
this  basis  a model  has  been  constructed  involving 
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slip  on  (1011)  and  (loll)  planes  in  <1123> 
directions,  and  this  satisfactorily  accounts 
for  the  shift. 

3)  The  internal  deformation  of  second-order  twins 
occurs  by  three  distinct  but  interrelated 
processes . 

a)  The  first  of  these  involves  deformation 
which  occurs  within  individual  twin  lamellae. 
Experimental  observations  reveal  that  the 
twinned  basal  plane  is  nearly  parallel  to 
the  second-order  twin  boundary,  indicating 
that  the  close-packed  plane  has  been  re- 

o 

oriented  from  its  predicted  inclination  18.5 
from  the  boundary.  A kinking  mechanism, 
which  also  involves  slip  on  (1011)  anddOll) 
planes  in  <1123)  directions  has  been  postu- 
lated to  account  for  this.  Once  the  twinned 
basal  plane  becomes  aligned  parallel  to  the 
twin  boundary,  extensive  deformation  of  the 
individual  lamellae  may  occur  by  simple  slip 
on  this  plane. 

b)  The  second  process  involves  deformation 
which  occurs  along  the  entire  macroscopic 
twin  band.  The  shear  markings  in  the  matrix 
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which  are  parallel  to  the  twin  lamellae  and 
which  interconnect  them  are  difficult  to 
explain  in  terms  of  slip  on  previously  ob- 
served systems.  This  deformation  is  thought 
to  be  similar  to  that  which  occurs  during 
grain  boundary  shearing.  The  directionality 
of  these  traces  results  from  the  concentrated 
shear  stress  parallel  to  the  twin  boundaries, 
c)  The  last  phase  of  twin  deformation  concerns 
the  mechanisms  by  which  the  matrix  lattice 
adjacent  to  {1011}  - {1012}  twins  can  deform. 
Generally,  this  deformation  may  be  considered 
to  occur  in  two  parts.  The  first  of  these 
involves  shear  accommodation  kinking.  These 
kinks  are  best  described  by  a single  set  of 
flOllJ  dislocations  on  (1012)  planes.  The 
second  involves  the  internal  deformation  of 
these  kinks  subsequent  to  their  formation. 

It  is  thought  that  this  occurs  by  secondary 
{lOllj  - U0l2i  twinning  and  by  flClli  <1123> 
slip  on  the  two  planes  of  this  type  obliquely 
inclined  to  the  stress  axis. 

4.  The  fracture  which  occurs  at  {lOllj  - {.1012} 
twins  is  thought  to  initiate  by  formation  of 
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small  voids  at  the  twin  boundary.  A bound- 
ary shearing  mechanism  similar  to  that  pro- 
posed by  Chen  and  Machlin  (67)  may  be  respons- 
ible. As  deformation  continues,  these  voids 
grow  into  microcracks,  and  fracture  ultimately 
results  from  tearing  apart  of  the  interconnect- 
ing regions. 


APPENDICES 


APPENDIX  A 


INTERNAL  DEFORMATION  OF  {1011}  - {I0l2$  TWINS  BY 
SLIP  ON  THE  BASAL  PLANE,  18.5°  FROM  THE  TWIN 

BOUNDARY 

The  following  arguments  are  given  to  substantiate 
those  on  page  140that  the  large  internal  strains  of  sec- 
ond-order twins  cannot  occur  by  slip  on  the  basal  plane. 
Based  on  the  assumption  that  a twin  is  sheared  500  per 
cent  and  that  the  strain  is  distributed  uniformly  through 
the  twinned  lattice,  it  may  be  calculated  that  this  corre- 
sponds to  approximately  five  dislocations  at  the  end  of 
every  slip  plane.  These  dislocations  may  interact  with 
the  twin  boundary  in  one  of  two  ways.  First,  they  may 
enter  the  boundary,  in  which  case  this  boundary  may  be 
treated  as  an  asymetrical  kink  bend  plane  (28).  This  type 
of  approach  is  discussed  in  greater  detail  on  page  145 
Application  of  Equation  (Ij*  indicates  that  the  kink  mis- 
orientation  which  would  produce  500  per  cent  strain  is 
much  greater  than  180°,  which  is  unrealistically  large. 
This  is  especially  true  in  view  of  the  fact  that  this 
rotation  is  toward  the  stress  axis,  while  experimental 


♦This  equation,  in  the  strictest  sense,  should  only  be 
used  where  the  kink  misorientation  is  small.  However, 
the  present  application  is  made  only  to  demonstrate  the 
general  magnitude  of  the  rotation. 
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observations  indicate  a rotation  in  the  opposite  sense 
that  is  never  greater  than  18.5°.  Second,  if  the  dis- 
locations become  piled  up  at  the  boundary,  a rotation 
in  the  same  sense  as  that  discussed  above  for  kinking 
should  result.  It  can  only  be  concluded  that  the  large 
strains  often  observed  within  these  twins  cannot  be 
explained  by  basal  slip. 

Extensive  deformation  of  second-order  twins  could 
result  from  the  mechanism  of  basal  slip,  however,  if 
some  added  phenomenon  occurred  to  relieve  the  stresses 
of  dislocation  pile-ups  at  the  twin  boundary.  One 
mechanism  which  permits  this  involves  passage  of  basal 
edge  dislocations  out  of  the  twin  into  the  matrix  in 
the  manner  proposed  for  (1121  twinning  in  body-centered 
cubic  lattices  by  Sleezwyk  and  Verbraak  (57)  and  for 
{llSll  twinning  in  zirconium  by  Reed-Hill  (58).  By  a 
related  mechanism  the  basal  dislocations  piled-up  at  the 
second-order,  {lOTl}  - {I012j  twin  boundary  could  con- 
ceivably pass  into  the  matrix,  thus  permitting  the  large 
internal  strains  of  these  twins  to  occur.  However,  be- 
cause of  the  complex  geometry  between  the  {lOTl}  - {1012} 
doubly  twinned  and  matrix  structures,  no  simple  relation- 
ship exists  between  the  Burgers  vectors  of  slip  disloca- 
tions in  the  twin  and  matrix.  Also,  a mechanism  such  as  thi 
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should  involve  a measurable  increase  in  the  twin  thickness 
due  to  the  large  number  of  twinning  dislocations  created 
at  the  boundary  as  the  slip  dislocations  pass  through  it. 

An  estimate  was  made  of  the  increase  in  twin  thickness 
which  should  result  from  a shear  strain  of  500  per  cent 
within  the  twin.  It  was  concluded  that  the  width  of  a 
twin  10  microns  long  should  increase  by  approximately 
10  microns  as  a result  of  this  slip.  This  is  not  veri- 
fied experimentally,  since  twin  thicknesses  at  regions  of 
intense  strain  are  not  significantly  greater  than  near 
the  undeformed  tips  (page  140) . In  addition,  this  mechan- 
ism predicts  that  an  equal  amount  of  basal  slip  should 
occur  in  both  the  matrix  and  twin,  since  basal  dislocations 
from  the  twin  enter  the  parent  lattice.  This  also  is  not 
observed  experimentally. 

Theoretically,  it  is  also  possible  for  basal  disloca- 
tions in  the  screw  orientation  with  an  [1210]  Burgers  vec- 
tor to  cross  glide  between  the  matrix  and  second-order  twin 
orientations,  in  the  same  manner  observed  by  Price  (102)  for 
J 1 01 2]  twins  in  zinc.  This  is  possible  since  this  Burgers 
vector  lies  in  the  plane  of  the  U0ll£  - U0l2}  twin  bound- 
ary. However  it  is  noted  that  the  Burgers  vector  for  these 
dislocations  is  normal  to  the  observed  shear  direction  of 

these  twins,  and  for  this  reason  their  movement  should 
not  contribute  to  the  observed  shear  strain. 


APPENDIX  B 


THE  LAMELLAE  STRUCTURE  CF  SECOND-ORDER, 

{lOTlj  - {1012]  TWINS 

From  Figures  25  and  26  it  was  noted  that  {lOllj  — 
{1012]  twins  occur  as  individual  lamellae  which  are  not 
exactly  aligned  with  the  macroscopic  twin  habit  (page  58) 
This  structure  may  be  explained  in  terms  of  the  two 
twinning  shears  which  are  invoved.  Figure  96  illustrates 
that  when  a single  twin  forms  the  twinning  shear  is  pro- 
pagated into  the  matrix  lattice  in  exact  alignment  with 
the  pre-existing  twin  band.  On  this  basis  the  next  lamella 
would  normally  be  expected  to  form  along  this  same  line. 
However,  for  the  case  of  second-order,  UoTlJ  - {I0l2] 
twinning  the  net  twinning  shear  vector  is  inclined  about 
71°  from  the  matrix  basal  plane,  as  shown  in  Figure  96, 
part  b.  This  is  approximately  15°  from  the  observed  habit 
plane  for  these  twins.  Thus,  the  lattice  strains  induced 
into  the  matrix  by  a double  twin  lamella  should  be  great- 
est in  a direction  about  71°  above  and  to  the  right  of  the 
pre-existing  twin.  This  region  of  the  matrix  should  then 
be  the  preferred  site  for  nucleation  of  the  next  twin 
lamella,  as  illustrated  in  Figure  96,  part  c. 
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Figure  96:  Schematic  illustration  of  how  a single  and 

double  twinning  shear  may  give  rise  to 
different  lamellae  structures.  a)  the 
lamellae  structure  predicted  from  a simple 
shear,  b)  the  geometry  of  the  second-order 
[1011]  - {1012}  twinning  shears,  and  c)  the 
lamellae  structure  predicted  from  two  shears 
of  the  {ion}  - {10l2i  type 
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